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V. Some Slhide Rule Improvements. By J. Sv. Vincent 
PLETTS. 


RECEIVED SEPTEMBER 23, 1920. 


ABSTRACT. 


The relation existing between the log-log scale and the log scale in 
slide rules at present on the market is dealt with, and it is shown that 
if this relation is made that of the common logarithm the properties 
of characteristics and mantissz enable the range of the non-recurring 
log-log scale to be indefinitely extended. In addition an equally 
divided scale is arranged to give ae% and log, az, where a is a number 
on the log scale, and scales for all the circular and hyperbolic functions 
are arranged on the back of the slide so as to read on the log scaie. All 
such functions as e” sin x and log n cosh ~ are, therefore, obtained with a 
single setting of the slide and cursor. Other minor modifications are 
made, and a cursor for magnifying and subdividing the divisions is 
described. 


THERE are now several slide rules on the market with log-log 
scales, by means of which any number can be raised to any 
power, or the logarithm of any number to any base can be 
obtained. As, however, the log log scale is non-recurring it 
is usually made two or three times the length of the rule, 
with the result that confusion sometimes arises as to which 
part of the scale is being used. The endeavour to get a suit- 
able range of numbers on this scale has also led to curious 
relations between it and the log scale with which it corre- 
sponds. The numbers on the latter are, of course, the log- 
arithms of the numbers opposite them on the former; but, 
taking three well-known examples, the base of these logarithms 
is 2 in the Jackson-Davis double slide rule, 2-5 in the Perry 
rule, and 3-5 in the Yokota slide rule. It is interesting to 
note that in the original Roget slide rule, as published in the 
“ Philosophical Transactions” for 1815 (Part I., pages 9 to 
28), the base was 10; but the scale was in two parts, running 
from 1-0025 to 1-26, and from 1-26 to 10° respectively. 

It occurred to me some time ago that the range of the log- 
log scale might be indefinitely extended, without making the 
scale longer than the rule, by taking advantage of the pro- 
perties of characteristics and mantisse of common logarithms. 
To this end I made a slide rule (Fig. 1), in which the relation 
between these scales was that of the common logarithm and 
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the highest number on the log-log scale (E) was10. Itwill be 
seen that common logarithms can be read directly from these 
scales ; all that is necessary, if the number is greater than 10, 
being to add the appropriate characteristic. If the number 
is less than unity the characteristic will be negative, or the 
true negative logarithm can be obtained from the correspond- 
ing reciprocal scale (F). If it be desired to raise any number 
to any power, one proceeds in the ordinary way ; but if the 
result is greater than 10 it cannot be read on the log-log scale. 
All that is necessary, however, is to use the other end of the 
slide, when the logarithm of the result can be read on the log 
scale (A),and by dropping the first figure or characteristic of this 
logarithm the result can be read on the log-log scale opposite 
the remaining mantissa on the log scale, it being, of course, 
necessary to move the decimal point in accordance with the 
characteristic dropped. Thus, the range of the log-log scale 
is indefinitely extended in the upward direction, and of the 
reciprocal scale in the downward direction, by the exercise 
of no greater mental effort than is required to remember the 
position of the decimal point in ordinary calculations with 
the slide rule. 

I have found it advantageous to put in the decimal points 
‘of the numbers on the upper log scales (A & B). This does not 
interfere with ordinary multiplication or division, which is 
nearly always performed on the lower log scale (C & D), and, 
besides making the common logarithms direct reading, it has 
several other advantages which will appear later. One of them 
can indeed be seen now, as there is no longer any doubt as 
to which end of the scale should be used for the extraction of 
square roots. 

Having got the log-log scales into the length of the rule in 
a single part without limitations, I found that, though functions 
-of the form e” were easily dealt with, those of the form ae’, 
which are, perhaps, of more frequent occurrence, entailed 
more labour, and were more liable to error because of the ne- 
cessity of transferring an intermediate result from one scale to 
another. I accordingly placed along the middle of the slide an 
equally divided scale (G) the numbers on which were the natural 
logarithms of the numbers opposite them on the log scale, so 
that e” and log x were direct reading, and ae and log ax could 
be obtained with a single setting of the slide. It will be seen 
that by relating this equally divided scale to the upper log 
scale (B) on the slide, on which the position of the decimal point 

F2 
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has already been indicated, a very useful scale is obtained, 
which can be made twice its apparent length by numbering 
on both sides, since e4*° is very nearly equal to 100. 

Now since we can either multiply by e”, or take the natural 
logarithm of any number on the upper log scale, it follows 
that any function reading on this scale can be similarly treated. 
I have therefore rearranged the ordinary sine and tangent 
scales (Fig. 2), which are as usual placed on the back of the 
slide, and have added other scales for the hyperbolic functions 
so that they all read on the upper log scale in front. 

The scales for the circular functions might have been divided 
into radians or into degrees and minutes as is usual, but as 
conversion from one into the other by means of the slide rule 
gives and requires degrees and decimals of a degree, I have 
found it most convenient to divide the scales in this way, 
while I have also marked each tenth of a radian on these 
scales, so that conversion is often not necessary at all. 

The arrangement of all these scales on the back of the slide. 
is such that the values of the functions are in every case read 
on the fixed portion (A) of the upper log scale in front if they 
are less than unity, and on the sliding portion (B) of that scale 
if they are greater than unity, so that the position of the 
decimal point is always given. From this and from what has 
already been said about the equally divided scale (G) along 
the middle of the front of the slide it will be seen that the 
values of all such functions as e” sin z and log a cosh can be 
read direct from the rule, and generally with a single setting 
of the slide and cursor, so that by these means the power of 
the slide rule is considerably extended, and it becomes a 
much more valuable mathematical instrument. 

These scales on a 25 cms. rule give sufficient accuracy for all 
ordinary purposes, and it is hardly practicable to increase the 
length of a straight rule sufficiently to get another decimal 
place in the results, but several attempts have been made to 
increase the power of subdividing the scales. There is the 
well-known magnifying cursor, which enables the subdivision to 
be more accurately estimated by the eye, and there is also 
the Goulding Cursor, by means of which the subdivision can 
actually be measured, though I have not found it more accurate 
than the unaided eye. The disadvantage of the ordinary 
magnifying cursor is that the semi-cylindrical lens gives such 
distortion near its edges that it is difficult to tell exactly which 
part of the scale is being magnified unless one of the figures 
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upon the scale is alsoin view. To obviate this disadvantage I 
have made a lens which is as wide as an ordinary cursor, 
and the upper surface of which is curved so as to give suffi- 
cient magnification in the middle and so little distortion 
towards the edges, that everything on the scale within the 
width is easily seen. 

As such a lens is raised off the scale to a distance within 
its focal length the magnification increases, and I have made 
use of this fact for the purpose of subdividing the scale. On 
the under side of the lens I place a finely subdivided division, 
which can be fitted to any division of the scale by simply 
raising the lens until the apparent size of the two is the same, 
so that another decimal place is easilyand accurately obtained. | 

But I have found it impossible to get a really satisfactory 
lens manufactured, and the compromises I have had made are 
altogether too expensive to form part of the cursor of a com- 
mercial slide rule. 

DISCUSSION. 


Mr. F. J. W. WuiprLe expressed his appreciation of the Paper. He 
pointed out to the author that there was a slide rule issued by the Meteoro- 
logical Office in which the degrees were divided decimally. Could a little 
more information be given of the significance of the figures. The Paper, 
as it stood, was a little difficult to follow. 

Dr. VINCENT suggested a modification of the cross-section of the rule so 
that four of the scales could be readily marked off on paper for graphical 
purposes. This was the principal use that many workers had for these 
scales, and on the ordinary rule none were easily transferable. 

Dr. Ecours asked how the accuracy of the new log log scale compared 
with the ordinary folded one. 

The AurHorR said he was interested to hear of the Meteorological Office 
rule. Dr. Vincent’s suggestion could probably be better carried out on a 
special rule for the purpose he mentioned. 
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VI.—The Current Density in the Crater of the Carbon Are. 
By N. A. Auten, B.Sc. 


RECEIVED May 27, 1920. 


(ComMMUNICATED BY D. Owen, B.A., D.Sc.) 


ABSTRACT. 


In this work the Y-arrangement of carbons due to Forrest was used. 
This facilitated accurate measurement of crater area. The carbons 
used were solid special electra of diameter 6 mm. Jor currents up to 
10 amperes the crater area was directly proportional to total current, 
thus maintaining a constant current density. This was 0-746 ampere 
per square millimetre. 


TuE object of the present research is an attempt to eliminate 
the uncertainty attending an investigation of the crater area, 
and the current density in the crater, of the carbon arc. 

Mrs. Ayrton* found that a straight line law approximately 
connects crater area and current, but did not form any equation 
expressing the law, on account of possible errors in her measure- 
ments. 


Current in amperes. 4 | "4 10 | 15 20 
Ayrton ..cecceee 7-56 |13-85 |14-2 |23-3 32:2 
1 eas 

Rasch & Tornberg) 7-74 |12-25 | 16-55 |23-76 30-97 
Ayrton ccc. 11-35 |13-85 |17-7 |24-6 /32-2 

Projected 2 
are Rist Aeae 9-19 |13-66 | 17-95 | 25-25 32-47 

lengths = _—— 
in Ayrton .<....\.asee 9-89 |13-85 | — |22-5 |32-2 

mm. a ee 
Reet ee 9-9 14-39 |18-7 |25-88 |33-08 
Ayrton ....cccc. 9:89 |16-65 |18-9 26-4 |342 

4 a 
Bre bee 10-35 |14-86 |19-17 26-42 |33-59 


Rasch and Tornberg} obtained similar results to those of 
Mrs. Ayrton, and the two series of measurements are tabulated 
below, areas in square millimetres. 

Mrs. Ayrton used cored positives, Rasch cored negatives. 

‘The lines representing these figures approximately, are 
shown in Fig. 3, for comparison with the results of the present 
work, which was done with arc lengths of 1 to 10 mm., the are 
being always perfectly silent. Solid carbons were used. 


*“ The Electric Arc,” p. 151, et seq. 
+“ Electric Are Phenomena,” p. 143, et seq. 
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The chief difficulties met in a measurement of crater area 
are as follows :— 


1. The crater cannot be viewed directly. 
2. The area must be calculated from an oblique measure- 


ment of crater diameter, assuming the crater to be truly 
circular, which is by no means certain. 


3. The edges of the crater may not be well defined. 


4. The crater is curved inwards, so that the true area is 
greater than that observed. 


5. The presence of fumes and carbon vapour in the crater 
may cause error due to refraction. 


Screen A. 
Image 
Negative ra 
La i 
Fixing Lines 
Front View of Screen B. 
Screen B. 
Fixed Position of i 
Image of Carbon. Gerd 
Lens + 


The last two difficulties disappear if apparent crater area is 
required, as in photometric work. None of these causes of 
inaccurate results, however, are found with the Y-arrangement 
of carbons originated by Forrest,* and used in the present 


work. 


Messrs. Paterson, Walsh, Taylor and Barnett} assumed that 
the positive crater covers the whole of the end of the carbon 


*“ Blectrician,’ 1913, Vol. LXXI., pp. 729 and 1007. 
+“ Proc.” Inst. El. Eng., Vol. LVIII. 
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for all currents when the current density in the actual carbon 
exceeds 0-2 amperes. per square millimetre. Figures since 
communicated, however, show that for currents of 100 to 
220 amperes the true density in the crater was sensibly 
constant, which agrees with the results of the present work, 
which was carried out with much smaller currents, the true 
density in their case being about 0°45 amp. per sq. mm. 


Methods Adopted. 


The arc was always maintained absolutely silent, and before 
readings were taken, 10 or 15 minutes was always allowed for 
the carbons to burn to a steady condition. The current in 
each negative was kept about the same, but it was found 


Fic. 2.—Tracine or Imace or Positive CARBON. 
(Magnification = 5-2 times.) 


Crater Face. 
12 ampere (unsteady, hissing violently) e. 6:0 ampere. 
9-0 ampere. f. 4:8 ampere. 
7-0 ampere. g. 4:5 ampere. 
6°5 ampere. 


aeoes 


that the positive crater was unchanged when one took 50 per 
cent. more current than the other. The arc length was that 
which gave perfect silence for any one current. An image of 
the positive crater was thrown on a screen, and the area was 
measured by making many points round the circumference 
with a fine pencil. 

Since with the apparatus in use, an error of 1 mm. backward 
or forward in the position of the positive crater would cause an 
8 per cent. error in the area, the arrangement shown in Fig. 1 
was devised. A screen B was placed at the side of the arc, and 
an enlarged image of the positive carbon focussed upon it. ° 
Two fine lines were drawn on this screen parallel and vertical, 
and the end of the image must just show in between for the 
carbon to be correctly disposed. 
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The magnification of the image on screen A was measured 
by placing a series of cylindrical gauges having flat polished 
ends, with their faces in turn in the correct position, and 
measuring the image of the gauge when brilliantly illuminated. 


Calibration of Magnification. 


/ Gauge. | Diameter in mm. Magnification. 
| 1 4-782 | 31-72 
ye 3-210 31-49 
| 3 2-739 31-73 
4 1-680 31-56 


Distortion being thus negligible, the mean magnification 
of 31-62 was used. 


Limits of Accuracy. 


Possibility of inaccuracy was as follows :— 

(a) Due to error in position of carbon, less than 0:1 mm. 
causing area to be subject to an error of 0-75 per cent. 

(b) Due to error in magnification ; less than 0-1 per cent. 

(c) Due to error in measuring image —0-6 per cent. 

(d) Error in observing current —0-25 per cent. 

Total error probably well within 1 per cent. 


Results (a) Shape of Carbon and Crater. 


The crater was always a true circle. It is suggested that 
this is due to the mutual attraction of parallel streams of 
current flowing in the same direction. It was found impossible 
to maintain two separate arcs on the end of the same positive. 

A tracing was made at several currents of the projection 
of the positive carbon. This showed that in all cases when the 
arc has burned to a steady condition, the carbon tapers down 
uniformly at an angle of about 25 deg. (see Fig. 2), the crater 
occupying the whole of the reduced end of the carbon. The 
crater was flat and quite smooth, and perpendicular to the 
axis of the carbon, as evidenced :—- 


1. By the appearance of the carbon when examined, and 


2. By the fact of the whole crater being in focus on the screen 
when projected. 
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Results (b) Orater Area and Current Density. 


On Fig. 3 are plotted all the observations made, and for 
comparison results by previous investigators are¥given also. 
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The current densities have been worked out for Fig. 4. The 
maximum deviation from the mean on any observation in a 
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series of 60 readings of current density was only 5 per cent., 
and 70 per cent. of all results were within 2 per cent. 

The carbons used were solid special electra carbons marked 
[--------- ELECTRA] of diameter 6mm., and as a 
conclusion to the present research it may be stated that for 
currents up to 10 amperes, using the Y-arrangement of carbons : 

(a) Crater area is directly proportional to total current, and 

(6) The current density in the positive crater is a constant 
and, correct to 1 per cent., is equal to 0-746 amperes per 
square millimetre. 


If A=crater area in square millimetres, 


I=current in amperes, 
then A=1-340 I. 


This research was carried out in the Electrical Engineering 
Laboratory at the East London College, and the best thanks 
of the author are due to Prof. J. T. MacGregor-Morris for 
suggesting this line of investigation, and for some very helpful 
criticisms and suggestions during the work. 


DISCUSSION. 


Prof. Morris read a portion ofa letter from Mrs. Ayrton, who considered 
the Paper of great importance, and that the results were what she would 
have expected from accurate determinations. 

The speaker mentioned that the carbons used were very pure. The 
effect of quality of carbon on current density had to be investigated. 

The late Mr. Forrest, of whose work this was a continuation, showed that 
the candle-power per square millimetre was 172 to 174. Combining this 
result with that of the present Paper, we find that the candle-power per 
ampere is 232. He suggested, therefore, that the Y-type of arc gives a 
standard of light, requiring only an ammeter and good quality carbons, 
constant to at least 1 per cent. 

Prof. RANKINE asked if the result was unaffected by the mass of carbon 
carrying off the heat. 

Prof. Morris said the result was certainly true from 6 to 10 amperes. 

Dr. Bryan asked how the result was affected by the presence of areas 
of special brightness or darkness. He had frequently noticed such areas. 

Mr. F. J. W. Wuippie asked if Prof. Morris could give an idea of the 
physics of the constancy of current density. 

Dr. D. OWEN said he was going to refer to the same question. The crater 
was stated to be perfectly circular, and the edge was very sharp, judging 
from the photograph shown on the screen. This was surprising. One 
would have expected some sort of penumbral region. A comparison of the 
ionic conditions in the are with those in a conducting liquid was of interest. 
neu=constant where n is the number of charged particles per unit 
volume, ¢ the charge on each, and v their velocity. In the are, as the current 
increases the voltage diminishes, and therefore the velocity w decreases. 


Consequently must increase. In the case of electrolytic conduction 
n is constant. 
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Mr. J. W. T. WALsH (communicated) : Imuch regret that another engage- 
ment prevents my being present when Mr. Allen’s very interesting and 
valuable Paper is read. 

The results obtained are most surprising in their regularity and the 
accuracy with which the crater area remains proportional to the current 
for all the are lengths employed. The current density found is much 
higher than that generally recognised hitherto as the limits of steady 
burning for ares of large currents, say, from 160 to 200 amperes. It would 
be most valuable if the author could see his way to extending his researches 
to include currents of such magnitude as this. The work done at the 
National Physical Laboratory was practically confined to large current 
arcs, and the difficulties experienced in obtaining steady burning con- 
ditions with these show that the smaller current arcs behave much’ more 
regularly, and are, therefore, probably capable of smooth running at much 
higher current densities than the larger arcs. In this connection I should 
like to express my thanks to Prof. Morris, who very kindly gave me an 
opportunity of seeing Mr. Allen’s apparatus working at Hast London 
College. The smoothness of running of the arc, and the uniformity of 
brightness of the crater were remarkable and I feel sure that everyone 
who has worked on the carbon are will be more than interested in the 
results presented this evening, and will look forward to further work by 
the author on-similar lines. 

The AuTHOR communicated the following: In reply to Prof. Rankine, 
the carbons used were all the same size—6 mm. diameter. 

The effects mentioned by Dr. Bryan, which are due to inequalities in 
the carbons, do not affect the results, as when a bright or dark area is 
present the arc is unsteady, and one has been careful to avoid taking 
readings under unstable conditions. 

Dr. Owen assumed that as the current increases the voltage diminishes. 
This is true when the length of the arc is kept constant, but in the case 
of these silent arcs, length is approximately proportional to current, 
hence as the current increases, the voltage remains fairly constant. Then 
in the equation used by Dr. Owen (n eu = const.), since the voltage is 
constant, therefore the velocity is constant, hence the number of ions or 
charged particles is constant. ; 

Another interesting result following from the relation between current 
and length for silence is as follows: Mrs. Ayrton (“ Electric Arc,” p. 158) 
suggested that the equation connecting arc current and area was 

A=oLl+ 6. (A=area, L=length, J=current.) 
epi, 
then 4=constant x J, as the present work shows. : 

Mr. Walsh mentions that the current density obtained was higher 
than he would have expected. This high current density appears to be 
due largely to the reactions of the are streams upon each other, forcing 
up the current density to a high value. 
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VII. A Sodium Vapour Electric Discharge Tube. By ¥. H. 
Newman, M.Sc., A.R.O.Sc., University College, Exeter. 


RECEIVED SEPTEMBER 6, 1920. 


ABSTRACT. 


A simple method of producing a bright source of sodium radiation is 
described. An electric discharge tube of quartz, having a pool of 
sodium-potassium alloy as one electrode, and an iron rod as the other 
electrode, is utilised. The sodium vapour is proeduced by gently 
heating the lower part of the tube, containing the alloy, over a ring gas 
burner concentric with the tube. When an electric discharge is passed, 
a bright yellow light is emitted. This light consists almost entirely of 
the D lines. Any gases present in the tube are absorbed by the alloy 
while the discharge is passing. No continuous pumping is necessary 
to keep the tube exhausted, and the experiment works best when the 
temperature of the sodium vapour is 250°C. 


1. INTRODUCTION. 


In order to stimulate the resonance radiation in a bulb 
of sodium vapour, the exciting light must consist of very 
narrow bright D lines. A Bunsen flame to which salt has 
been added is not a suitable source, since the centre of the 
line is dark. The lines themselves are very broad, and the 
exciting radiation is not confined to the actual region of the 
spectrum required. When a sodium are in vacuum is sub- 
stituted for the flame, this difficulty is overcome. Lord 
Rayleigh * has constructed and exhibited a sodium vacuum 
arc in quartz, which is similar in principle to the mercury 
lamp. The sodium lamp is more troublesome to construct 
and work than the mercury lamp, and requires continuous 
pumping to keep it exhausted while the lamp is running. 
Iron electrodes are unsuitable, since they fuse and drop off 
after the lamp has been in use for an hour or two. Tungsten, 
which seems to withstand the action of sodium vapour, is 
used instead of iron. 


The apparatus described below works well, and although it 
does not give as brilliant a source of light as the sodium are, 
yet it can be quickly constructed, and requires no continuous 
pumping while the electric discharge is passing. 


* Hon. R. J. Strutt, “ Proc.” Roy. Soc., A, Vol. XCVI. (1919). 
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2. APPARATUS. : 


The form of discharge tube used is shown in Fig. 1, and the 
electric discharge through sodium vapour is used. The tube 
is of quartz; one of the electrodes (B) is a pool of the sodium- 
potassium alloy; the other electrode is of iron, and an iron 
wire is used to make electrical connection with the alloy. 
The latter is introduced into the tube through a side tube 
(D). Throughout an experiment (D) is closed by means of a 
quartz plate. When an electric discharge is passed, the 


. 


To Pump 


FIG. J. 


scum which is formed at the surface of the alloy by oxidation, 
disappears, and a clean surface is obtained. The alloy absorbs 
all gases in the tube except argon and helium, when the 
pressure is:low, and any gas liberated, while the electric dis- 
charge is passing, is at once absorbed by the alloy. As a 
result the pressure of the gas in the tube is always very low. 
-To obtain the sodium vapour the alloy must be heated to 
250°C. to 300°C., as the heat generated by the electric dis- 
charge is not sufficient to produce the vapour. A small 
gas ring is suitable as a source of heat. When a condensed 
discharge passes through the sodium vapour, a brilliant yellow 
light is produced. The light is intensified by making a 
constriction in the tube at (C). When examined with a 
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spectroscope, the potassium spectrum is very faint, almost 
all the light coming from the D lines of sodium. The faint- 
ness of the potassium spectrum is due to the vapour pressure 
of potassium being less than that of sodium at the tempera- 
ture of the experiment. 

While the discharge tube is running, the sodium and 
potassium vapours condense on the colder parts of the tube. 
This is not a serious disadvantage, and the condensation 
can be eliminated by enclosing the tube within an electrical 
heater. The iron electrode is not affected by the sodium 
vapour, even after the tube has been in use for several hours. 
No continuous pumping is required while the discharge is 
passing, as, after the initial exhaustion of the tube, the action 
of the alloy keeps the vacuum high. This is a great advan- 
tage, as hydrogen is always freely emitted from the sodium- 
potassium alloy, when the latter is heated. With the tem- 
peratures stated above there is no reduction of the silica. 
In practice, the alloy should be made the cathode, as it 
absorbs gas at a greater rate when made the cathode than 
when it is the anode. The light cannot be viewed through 
the window at (D), as the vapour condenses on it after a 
short time. 

Using this discharge tube, the light from it was focussed 
on a glass bulb containing sodium vapour. To vary the 
density of the vapour, the glass bulb was enclosed in an electric 
heater. At a temperature of 250°C., brilliant fluorescence 
of the sodium vapour was stimulated. The fluorescence was 
photographed (Fig. 2). The light patches shown are due 
to reflected lights. As the temperature of the glass bulb was 
raised, the fluorescence across the tube decreased, owing to 
the increased density of the vapour. Heating the side of the 
bulb with a Bunsen flame the fluorescence moved away from 
the locality heated. The discharge tube is a suitable source 
of sodium radiation for interferometer experiments. 


DISCUSSION. 


Dr. BryAN commented on the quality of the silica tap in the author’s 
apparatus, which had evidently remained at a high vacuum for a con- 
siderable time. 

Mr. NewmaN said the tap had probably been manufactured by luck, as 
some previous ones he had had were very bad. The grease he used was 
made of bees wax and vaseline. 


Fic. 2.—FLUORESCENCE OF SoDIUM Vapour, Excrrina Ligut rrom 
THE SopIuM Vapour Euectric DiscHarcr Tusn. 


[Z'o face p, 72. 
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VIII. Absorption of Gases in the Electric Discharge Tube. 
By F. H. Newman, M.Sc., A.R.C.Sc., University College, 
Exeter. 

RECEIVED JuLy 20, 1920. 


ABSTRACT. 


Various elements were deposited in a pure condition on the cathode 
in an electric discharge tube. To obtain a clean surface of the element, 
the latter was distilled in vacuum. An electric discharge was passed 
through nitrogen gas contained in the tube. Measurements were 
made to compare the amount of gas absorbed by the element in the tube 
with the quantity of electricity passing in the circuit. Potassium, 
sodium, mercury, cadmium, antimony, magnesium, calcium, zinc, tin, 
phosphorus, sulphur and iodine were tested in this way. The rates 

‘of absorption were very great with the last three elements. Hydrogen 
gas was also used in the tube, and absorption occurred with phosphorus, 
sulphur and iodine. The absorption of the gases is due principally to 
chemical action, and is attributed to the nitrogen and hydrogen assum- 
ing active modifications on the passage of an electric discharge, the gases 
being at low pressure. 


1. INTRODUCTION. 


THE present investigation is a development of the experi- 
ments described in “ Proc.” Roy. Soc., A., Vol. XC. (1914), 
and Proc. Phys. Soc., Vol. XX XII. (1920). In these Papers it 
has been shown that sodium, potassium and the liquid alloy 
of sodium and potassium absorb nitrogen when these metals 
are used as electrodes in the electric discharge tube. The gas 
is absorbed at a greater rate if the metal is used as the cathode. 
The quantity of gas absorbed, per unit quantity of electricity 
passing through the discharge tube, was measured at various 
pressures of the gas. No absorption occurred unless the sur- 
faces of the metals were quite clean. Sodium and potassium 
were distilled in vacuum in order to obtain surfaces which 
were not contaminated. Other elements, in the molten con- 
dition, had been tested without success; this was traced to 
the contamination of the surfaces, and these elements are 
re-examined in the present work. The same apparatus, as 
described in the above Papers, was used, but the form of the 
discharge tube was changed, and is shown in Fig. 1. The 
electrodes A and B were of aluminium. To the end of the 
cathode B was attached a small disc of platinum foil. The 
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element under examination was placed at the bottom of the 
tube, and by distilling it in vacuum, a thin layer of the element 
was formed on the foil. 


2. EXPERIMENTS. 


A clean surface of the element having been formed on the 
cathode, a known quantity of nitrogen was admitted into 
the discharge tube. The method of measuring this amount of 
gas has been described in the previous Papers. The electric 
discharge was then passed through the gas, and the amount 


To Manometer 


FIG.1 


of hydrogen liberated in the voltameter gave a measure of 
the quantity of electricity passing in the circuit. The absorption 
of gas during the passage of the discharge was noted. In some 
cases it was necessary to maintain the discharge tube at a low 
temperature, by placing it in an enclosure surrounded with 
a freezing mixture. The nitrogen used in the experiments 
was prepared by allowing air to stand over phosphorus for 
two or three days. The hydrogen was obtained by electrolysis. 
Both gases were examined at various pressures, and the results 
obtained are shown in Tables I. and If. 


3. ABSORPTION OF NITROGEN. 


Lead, thallium and arsenic did not absorb nitrogen. The 


elements were tested with the gas at different pressures and 
temperatures. 
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: TaBLE I.—Absorption of Nitrogen. 
| =. <a SE EE nae, eee —————— 


Volume |} Volume Pressures 
P of N, of H, : at which 
Element. eae Temper- absorbed, liberated) Ratio absorption 
He. ature. | in ¢.c. | in Volta- A takes 
meter in B place in 
(A) | ce: (B) mm.s Hg, 
Mereury.<.<:.-.; 1:3 —138°C.| 0-40 2°21 0-2 0-5—1°5 
0-9 0:36 0-92 0-4 
0-6 | | 033 | 0-51 0:6 
Cadmium ...... eas 30°C.| 0-18 | 0-13 1-4 1-1—1:8 
1:8 0-29 0-21 1-4 
Arsenic | 
Lead No absorption | 
Thallium 
Antimony ...... 1:8 —15°C | 0:65 0-45 1-4 1-2—1-9 
1:5 | 0-31 0-22 1-4 
Magnesium...... 3-4 50°C.| 0-07 0-11 0-6 1-0—4:3 
2-0 0-17 0-19 0-9 
1-9 0-31 0-16 1-9 
1-3 9-68 0-24 2°8 
Calcium 72... .-<. 18 —12°C.| 0-14 0-12 1-2 1-1—1-9 
1-2 0-19 0-14 1:3 
WAN CA Mess ss caecss ley —12°C.| 0:13 | 0-10 1-3 1-2—1:8 
1-5 0:20 | 0-14 1-4 
BEI ose cialsieieois,ci7 lez) 0°C.| 0-28 0-57 0-5 0-1—2-0 
1-2 0-14 0-23 0-6 
0-9 0-17 0-17 1:0 
Phosphorus...... 13-3 == Pag) We3e/ 0:03 12:3 X-Ray 
LO | 0:27 0-03 9-0 stage to 
7:3 0-29 0-04 7-2 20 mm.s 
4-0 0-14 0:05 2-8 
2-5 0-15 0-07 2-1 
10 0:27 | 0-13 2-1 
Sulphur ......... 11-6 127°C: 0-23 0-04 5:8 0-1—12-0 
7-9 0-15 0-04 3°8 
3:2 | 0-13 0-04 3:2 
1-6 0-08 0-03 2-7 
Todinehet..sees--5 16-4 —20°C.| 0-44 0-08 5:5 1-0—18-0 
12-2 0-29 0:07 4-] 
8-3 0:27 0:08 3-4 
41 0-31 0-11 2-8 
1-9 0-23 O-11 2-1 
Bismuth ......... ilee/ —14°C.! 0-43 0:36 1-2 1-1—1-8 
1-4 0:22 0-17 Is 


G2 
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TaBLE II.—Absorption of Hydrogen. 


Pressures 
Press Mi liberated Ratio atownics 
ressure - 8 : 
Element. in ps a absorbed | in volta- A ie a 
mm.s Hg. ; in ¢.¢. ae B place in 
(A) - (B) mm.s Hg. 
Phosphorus 12:8 —12°C. 0:28 0-03 9-4 X-ray stage 
11-2 0-25 0:03 8:3 | to 18-0 mm.s 
81 0:29 0:05 5:8 
3-7 0-26 0:09 2-9 
2-4 0-23 0-11 21 | 
Ul Poulsen 12-1 —12°C. 0-37 0:05 7:4 
8:3 0-13 0:03 4:3 
31 0:37 0-11 3:4 
1-4 0:29 0-12 2-4 
Todineivccescsret: 14:6 —20°C. 0:39 0:09 4:3 
11:8 0-40 0-12 3:3 
7:3 0-23 0:07 3:3 
3-1 0:25 0-09 2°8 
2°3 0-27 0-11 2°5 
Mercury absorbed nitrogen when the pressure of the gas was | 
between 0-5 mm. and 1-5 mm. of mercury, if the tube was | 
kept at 13°C. The amount of gas which could be absorbed | 
at a time was very small. When the discharge was stopped, ey 


and the tube heated to about 20°C., all the gas which had 
disappeared was re-liberated. After the surface of the 
mercury had been exposed to the atmosphere, no absorption 
occurred, which showed the importance of having a clean 
surface of the element. Stark* has noted that mercury, 
used as an electrode in the discharge tube, absorbs nitrogen 
and oxygen. 

Cadmium absorbed the gas at ordinary temperatures, 
providing the pressure was between 1-1 mm. and 1-8 mm. of 
mercury. Most of it was re-liberated on heating the tube. 
The effect in this case may be due to occlusion of the gas within é 
the metal. On the other hand, there may be a chemical com- . 
pound of cadmium and nitrogen produced, which compound 
dissociates easily on the application of heat. The total amount 
of gas which was absorbed at a time was very small. 

Antimony absorbed the gas at low temperatures if the 
pressure varied from 1:2 mm. to 1:9 mm. of mercury. The 
amount of gas which disappeared before it was necessary to 


*“ Phys, Zeit.,” Vol. XIV., p. 417 (1913). 
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prepare a fresh surface was only 0-2 ¢.c., and the gas absorbed 
was evolved when the tube was heated to 50°C. Antimony 
resembles cadmium in this respect. 

_When magnesium is heated to a red heat it combines with 
nitrogen, forming a nitride of magnesium. This fact was 
utilised by Rayleigh* in the separation of nitrogen and argon. 
At ordinary temperatures there is no such combination. When 
magnesium was used as the electrode in the. discharge tube, 
nitrogen was absorbed if the pressure of the gas was between 
1-0 mm. and 4:3 mm. of mercury. At low pressures the rate 
of absorption was very high. This absorbed gas was not re- 
liberated when the tube was heated to 300°C. After about 
4 c.c.s of the gas had disappeared, the contents of the tube were 
mixed with caustic soda, and boiled. Ammonia gas was 
evolved, showing that magnesium nitride had been formed in 
the tube. The absorption in this case is due to chemical 
action. It was possible to absorb about 4 c.c.s of gas at 
atmospheric pressure before the action ceased. 

Soddyt has shown that when calcium is first heated in 
vacuo, gaseous compounds of carbon, hydrogen and oxygen 
are given off; if the heating be continued, absorption of the 
gases begins, accompanied by volatilisation of the calcium. 
Experiments were made by him on the power of calcium, to 
absorb different gases, and he found that all gases, except the 
argon group, were rapidly absorbed. In the discharge tube I 
found that nitrogen was absorbed at 12°C. if the pressure 
of the gas was between 1-1 mm. and 1-9 mm. of mercury. It 
was possible to absorb only 0-1 ¢.c. of gas at a time, but this 
small amount was due to the very thin layer of calcium de- 
posited on the cathode. On heating the tube to 300°C. none 
of the gas was evolved. This suggests that chemical action 
accounts for the absorption in this case. 

Zine absorbed nitrogen at —12°C., providing the pressure 
of the gas varied from 1-2 mm. to 1:8 mm. of mercury, The 
total amount of gas which disappeared was very small, and 
most of it was re-liberated when the tube was heated. 

Tin does not combine with nitrogen when it is heated in 
that gas, but the gas was freely absorbed by the metal in the 
discharge tube if the pressure was within the range 2:0 mm. 
—0-1 mm. of mercury. The rate of absorption was uniform, 
and was large compared with that obtained with other metals. 


* “ Phil, Trans.,” 186 (1895). 
+ “ Proc.” Roy. Soc., Ser. A., 78, p. 429 (1907). 
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It was possible to absorb 0:3 c.c. of gas at a time. When the 
tube was heated to 300°C. no gas was evolved from the metal, 
and the presence of a nitride of tin was found by the method 
described in the case of magnesium. This absorption of 
nitrogen by tin has not been observed previously. 

Strutt* has shown that phosphorous absorbs nitrogen and 
hydrogen when an electric discharge is passed through a bulb 
containing this element. The gases were not re-liberated on 
heating, and he attributed the absorption to the formation 
of chemical compounds. The rate of absorption of these gases, 
compared with the quantity of electricity passing through the 
tube, is very great ; and if phosphorus is placed in a discharge 
bulb the vacuum is kept very high. Inthe present experiments 
the discharge tube was maintained at —12°C., in order to 
minimise the production of phosphorus vapour. The actual 
rate of absorption was about 4 c.c.s (at atmospheric pressure) 
in 15 minutes ; this rate decreased as the discharge continued, 
and the amount of gas which could be absorbed depended on 
the thickness of the phosphorus layer used in the experiment. 
As shown by Strutt, the gas was not re-liberated from the 
phosphorus when the tube was heated, and it appears that a 
chemical compound of nitrogen and phosphorus is formed. 

With sulphur, a large rate of absorption was observed, and 
the absorption occurred over a range of pressures 12-0 mm.— 
0-1 mm. of mercury. By means of the discharge the pressure 
of the gas in the tube was lowered rapidly, and reached the 
X-Ray stage, provided a clean surface of sulphur was used on 
the cathode. When the sulphur was exposed to the atmosphere, 
the rate of absorption of the gas was less, and it was not possible 
to obtain such a final low-pressure in the tube. No re- 
liberation of the gas occurred when the contents of the tube 
were heated to 100°C. Of course the sulphur vaporised, but 
on allowing the contents to cool, the original volume was 
attained. This showed that chemical combination had 
occurred between the gas and sulphur. The absorption of the 
gas was greater if the film of sulphur on the cathode was 
formed by condensation of the vapour, than if the layer 
was produced by allowing melted sulphur to flow over the 
cathode. 

The results obtained with iodine resembled those noted 
in the case of phosphorus. No absorption occurred if the 


* “ Proc.” Roy. Soc., Ser. A., 87 (1912). 
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pressure of the gas was below 1 mm. of mercury. On account 
of the sublimation of iodine, the tube was maintained at 
—20°C. After the surface of the substance had been exposed 
to the atmosphere, the rate of absorption decreased. There 
was no re-liberation of the gas when the contents of the tube 
were heated to 100°C., which indicated that the phenomenon 
was due to chemical action, and not to mere occlusion of the 
gas within the iodine. 

The results obtained with bismuth were similar to those 
found with antimony. The discharge tube was maintained 
at —14°C., and absorption occurred when the pressure was 
between 1-8 mm. and 1-1 mm. of mercury. Only 0-18 c.c. of 
gas was absorbed by any one surface, and all of the gas absorbed 
was evolved when the tube and its contents were heated to 
40°C. The effect in this case appears to be due to occlusion.’ 


4. ABSORPTION OF HYDROGEN. 


As shown in Table II. the only elements which absorbed 
hydrogen were phosphorus, sulphur and iodine. The amount 
of hydrogen which could be absorbed at a time by phosphorus, 
and the rate of absorption, both increased when the tube was 
warmed, In this case it seems that the chemical action 
between the solid and the gas is increased as the temperature 
rises. It is known that phosphoretted hydrogen is produced 
when phosphorus is heated in a stream of hydrogen. If the 
discharge was stopped, and the tube warmed, some of the gas - 
absorbed was re-liberated. In this case, therefore, the 
absorption is due partly to occlusion, and partly to chemical 
action. 

Sulphur absorbed well, providing the pressure of the gas 
was not below 0-5 mm. of mercury. Below this pressure the 
effect disappeared. When the contents of the tube were 
heated above the temperature of melting sulphur, and then 
allowed to cool, about one-sixth of the gas that had been 
absorbed was re-liberated. In this case, therefore, chemical 
action and occlusion account for the absorption. 

The amounts of gas absorbed by iodine were similar to those 
found with phosphorus. There was no absorption when the 
pressure of the gas was below 1mm. of mercury. About 
one-fifth of the gas which had been absorbed in an experiment 
was evolved when the contents of the tube were heated to 


100°C. 
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5, CONCLUSIONS. 


When considering the absorption of gases in the electric 
discharge tube, the part which the glass of the tube plays 
must be taken into account. Willows* has shown that in a 
Crooke’s tube there is absorption of the gas, and that it is due 
probably to chemical action between the gases and the glass. 
He found that, with a volume of 108 c.c., and a pressure of 
1 mm. of mercury, a current of 10:8 x 10-4 ampere passing for 
30 minutes reduced the pressure nearly one-eleventh. This is 
a very small absorption compared with that found in the present 
work. The effect of absorption by the glass can thus be 
neglected in the present experiments. Willows and Georget 
found that large quantities of hydrogen were absorbed by a 
quartz bulb, if the discharges were alternated with those,in air. 
They supposed that chemical actions occur with the air, giving 
oxidation products; these are reduced by hydrogen. This 
would account for the large quantity of gas which can be 
absorbed. In the present work, as no oxygen was used, this 
effect is negligible. Thus practically all the absorption of 
gases shown in Tables I. and II. is attributed to the elements 
on the cathode. 

The absorption of nitrogen is not an occlusion effect, but is 
due to chemical action. In several cases, the amount of gas 
absorbed is many times greater than the quantity of hydrogen 
liberated in the voltameter. This indicates that the pheno- 
menon is not due to the positive ions within the tube, unless 
these ions are attached to neutral molecules of the gas. The 
nitrogen must assume an active modification when the dis- 
charge passes, and since the rate of absorption increases as the 
temperature falls, this modification must be intensified by 
cooling. Struttt showed that pure nitrogen, subjected to 
the jar discharge, produces an active modification of nitrogen, 
and that it is not due to the ions in the discharge tube. He 
found that the modification was weakened by heating, and 
intensified by cooling. It acted on ordinary phosphorus and 
other elements. 

Table I. shows that phosphorus, sulphur and iodine absorb 
nitrogen at a greater rate than other elements. In addition 
to the absorption by the cathode, there is chemical action 
occurring between the vapour of the elements and the gas. 

*« Phil. Mag.,” 1 (1901). 


+ Proc. Phys. Soc., Vol, XXVIII. (1916). 
t “‘ Proc.” Roy. Soc., Ser. A., 85 (1911). 
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This view is strengthened when we consider that the three 
substances have low boiling points. Some elements do not 
absorb nitrogen, and this is due, probably, to the absence of 
suitable conditions (as regards pressure and temperature) 
in the discharge tube. 

Hydrogen is absorbed by sulphur, phosphorus and iodine. 
With this gas the effect appears to be due to two causes— 
occlusion of the gas within the substance, and chemical action. 
As the amount of gas occluded is very small, the more important 
factor in the absorption is chemical action. The results suggest 
that hydrogen assumes an active modification in the discharge 
tube, and that this modification is not due to gaseous ions. 
Recently, and while the present work was in progress, Wendt 
and Landauer* have shown that an active modification of 
hydrogen may be obtained by various methods, all dependent 
on gaseous ionisation; by a-rays from radium emanation, 
by electrical discharge under reduced pressure, and by the high- 
potential corona at atmospheric pressure. They state that 
this active hydrogen reduces sulphur, arsenic, phosphorus, 
mercury, nitrogen and both acid and neutral permanganates. 
It is unstable, and reverts to the ordinary form in about a 
minute. The activity is not due to gaseous ions, and they 
suppose that the stable hydrogen molecules undergo dis- 
sociation into free atoms, when an electron is removed during 
the process of ionisation ; these atoms then attach themselves 
to neighbouring neutral molecules to form triatomic systems. 

The disintegration of the cathode in a vacuum tube causes a 
film of metal to form on the adjacent glass. In this way a 
clean surface of metal is produced. When an electric discharge 
is passed, the conditions are favourable for the absorption of 
the gas by the metal. Considering the disappearance of the 
gas in a vacuum tube it is necessary to take into account the 
absorption of gas by the film of metal, and also the absorption 
by the glass walls of the tube. It is probable that the film of 
metal accounts for the greater part of the effect. Brodetsky 
and Hodgson showed that the disappearance of gases in 
vacuum tubes is a problem of some complexity, and that with 
metallic electrodes the effect is due principally to absorption 
of gas by disintegrated metal; it may also depend partly 
on the liberation of the alkali metals by electrolysis of the glass, 
and chemical combination of these metals with the gas. 


* “ Am, Chem. Soc. Journ.,” 42, May (1920). 
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DISCUSSION. 


Dr. Goucuer said that work bearing closely upon Mr. Newman’s experi- 
ments on the disappearance of gas in the electric discharge had been carried 
on lately in the Research Laboratory: of the General Electric Company. 
Some of it had already been published (“‘ Phil. Mag.,” XL., 585, Nov., 1920). 
It had led to conclusions precisely opposite to those of Mr. Newman. It 
did not appear to him that Mr. Newman had brought any direct evidence 
in favour of absorption being due to chemical action ; the only direct evi- 
dence of that view would be the establishment of the “law of constant 
proportions,” and of a constant ratio between the amount of gas disappear- 
ing and that of something else disappearing at the same time. The ab- 
sorption of gas in the presence of phosphorus had been studied with especial 
care, and it had been found that there was no simple relation between the 
amount of gas disappearing and the amount of phosphorus used. Un- 
doubtedly chemical action plays some part in the disappearance. For 
instance, the discharge through CO converts the gas into CO,, and. the 
relation between the current and the amount of gas transformed obeys 
accurately Faraday’s law in suitable conditions. If, as in the discharge 
tubes which Mr. Newman used, ionisation is accompanied by recombination, 
it is not to be expected that Faraday’s law should be obeyed. But even 
in such a case where a chemical action takes place, that action is not usually 
directly responsible for the disappearance of the gas. Chemical action will 
not cause complete absorption unless the products of the reactions are solid. 
Such compounds might be formed between nitrogen and the metal of the 
electrodes, but there is no evidence whatever that they can be formed 
between nitrogen and phosphorus or sulphur. The main cause of absorption 
of gas is, in the great majority of cases, adhesion to the walls of the vessel. 
This adhesion is greatly favoured by the deposition over the adhering gas 
of a solid layer of some other substance. The solid may be metal spluttered 
from the cathode or it may be, in the case of phosphorus, red phosphorus 
produced by the discharge from phosphorus vapour. All the work to 
which he referred indicated that actions of this kind were the main cause of 
the disappearance of gas in the electric discharge, except, possibly, when 
very active metals were used as cathodes. 

Dr. H. Borns inquired whether formation of hydrides had been observed. 
If the alkali metals absorbed hydrogen also, as he understood the author to 
say, alkali hydrides might be formed, which were crystalline compounds 
like common salt, not in the least resembling metals. Quite recently Nernst 
and K. Moers (“‘ Zeits. f. Elektrochem,” Aug. 1, 1920) had electrolysed fused 
lithium hydride to see whether the hydrogen would really go to the anode 
in this case, as the metallic lithium would go to the cathode. Quantita- 
tively the difficult experiments had not been conclusive, but there was 
evidence of hydrogen at the anode and hence experimental evidence con- 
firming the possibility of the existence of both positive and negative hydrogen 
ions. 

The AUTHOR, in reply to Dr. Goucher, said he did not think the results 
he mentioned were conclusive against chemical action. Lord Rayleigh had 
also attributed the effect to chemical action. 


In reply to Dr. Borns, he could not say whether hydrides were formed 
or not. 
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IX. Magnetic Separation of Neon Lines and Runge’s Rule. 
By H. Nacaoxa, Professor of Physics, Imperial University 
_ of Tokyo. 
RECEIVED DECEMBER 8, 1920. 
ABSTRACT. 

The Paper contains the results of an investigation of the Zeeman 

effect for Neon lines. The departures from Runge’s Rule—that the 
magnetic separation of the lines are aliquot parts of the separation of 
the normal triplet—are discussed. It is concluded that such dis- 
crepancies are due to variations of the ratio e/m. 
THE investigation of the Zeeman effect for neon lines by 
Lohmann* leads to the interesting result that the magnetic 
separations of most of the lines are aliquot parts of a normal 
triplet. This rule deduced by Runge} must, however, be 
looked upon only as an approximation, for most of the lines 
do not exactly conform to the rule. 

Let e be the charge of an electron, m its mass at rest, H the 
magnetic field, and ¢ the velocity of light, then the constant a 
given by Sekt 

~m * 4c 
should have a value 4-698 x 10-° gauss~’ cm.~’, corresponding 
e 
to © =1-771X10?7 EMU. The last figure in a and mney 
m 


differ by small amounts according to different experiments. 
This is, however, not fulfilled in most of the neon lines; take, 
for instance, the lines 6717, 6266, 5852 and 5820, which are 
all assumed to be separated into triplets. The values of 10° xa 
for these lines as given by Lohmann are respectively 4-70, 
4-40, 4:74... ., while Takaminé and Yamada give 4-82, 
4-72, 4-84, 4:47 respectively for the above constant. As to 
the measurement of the field strength, the experiments of the 
last two mentioned authors were conducted with great care, 
the amount of separation of different lines being always 
compared with that of the helium line 6678. Thus the separa- 
tion of the characteristic neon line 5852 is 1-5 per cent. greater, 
that of 5820 about 5 per cent. less than the normal value. As 
to the complex separations, if we express aliquot parts of « by 
p/q, the values of p and q are to some extent indefinite, as we 
can closely approximate to the rule by taking tolerably large 
numbers for p and g. The question is whether a is to be 
assumed as constant, or as variable within certain limits. 
* Dissertation, Halle (1907). 


+ ‘‘ Phys. Zeit.,” VIIL., p. 232 (1907). 
+ “ Proc.” Tokyo Math. Phys. Soc., VII., p. 277 (1914). 
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Various reasons can be offered to explain the discrepancy. 
The tkeory of relativity would at once suggest that the dis- 
crepancy is a consequence of the high velocity of the radiating 
electrons, but to account for 5 per cent. difference, the velocity 
of electrons must be equivalent to a third part of the velocity 
of light, which is probably too great. In addition to this, 
relativity cannot account for the values of a smaller than the 
normal value. In a broad sense, we can attribute the differ- 
ence of w from the normal value to the difference in the sur- 
rounding electromagnetic conditions, as the electrons in an 
atomic configuration are under mutual influence and also 
subject to attraction towards the nucleus. The inadequacy of 
‘the theories of the Zeeman effect may be the principal cause 
of these difficulties, but there are other doubts as to the ex- 
perimental results from which these values are deduced. 

In the first place, the amount of separation may not be 
proportional to the strength of the magnetic field, and hence 
may lead to discordant values. In the second place, the photo- 
graphic exposure in former experiments was tolerably long, 
so that the uncertainty of the field strength by heating, the 
displacement of the echelon grating spectra even by small 
variations of temperature, may become sources of error in the 
photograms obtained by long exposure, sometimes extending 
to several hours. 

In the present experiment, the photographic plate was 
sensitised by means of dicyanin, which made the plate more 
sensitive to red rays than panchromatic plates, so that the 
magnetically separated lines of neon in the yellow and red part 
of the spectrum can be photographed with comparatively 
short exposure, especially in strong fields. The constancy 
of magnetic field during this interval can be easily controlled, 
and by keeping the edge of the echelon grating horizontal, the 
red and yellow portion of the spectrum can be photographed 
on one plate, so that the separation of the lines can be com- 
pared generally for about 20 lines all in the same field. The 
line which is most approximate to the normal triplet and lies 
nearly in the middle of the said portion of the spectrum is 
6266. The intensity of the line is neither too strong nor too 
weak; consequently the separation of the line can be ac- 
curately measured on all the plates, and was taken as the 
standard for gauging the separation of other lines. No exact 
measurement of the field was considered necessary, as the pre- 
vious experiment of Takaminé and Yamada on 6266 gave the 
value a=4-72 x 10-> by comparison with the helium line 6678, 
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the separation of which was accurately determined by Paschen 
and Back*. The line 5852 was not used as a standard as the 
deviation from the normal was greater than for 6266, and the 
intensity was too strong to admit of accurate determination 
of the mean position in plates for faint lines. 

A neon tube having the gas at about 6 mm. pressure was 
placed between the poles of an electromagnet, having the 
pole pieces in the form of a double cone of semi-vertical angle 
of about 60 deg. ; the gap between the pole pieces was about. 
7mm., and the capillary portion of the tube was at the apex 
of the cones. As the tube was liable to crack at the electrodes 
and especially the capillary tube between the poles owing to 
local heating, the electrodes and the capillary tube were water- 
cooled. By this means, the tube in the mean field of 13 kilo- 
gauss was kept for more than 200 hours by passing discharge 
current from an induction coil with a Leyden jar of about 
0-001 mfd. capacity in the circuit. The arrangement of water- 
jacketing the electrodes can be applied with advantage in 
other works with vacuum tubes, when it is required to run the 
tube for many hours with discharge current. 

With the water-jacketing arrangement, the disintegration 
of the electrodes is greatly diminished. The capillary tube 
of the vacuum tube after long use turns brownish, and there 
is much absorption at the portion placed in strong field, that 
different parts of the capillary must be used to obtain good 
illumination. With one tube, the part long exposed to strong 
magnetic field was broken, and when examined by microscope 
was found to show a corroded appearance, ramified in several 
parts in the direction perpendicular to the field. As is evident 
from the intense light emitted from the portion so exposed, it 
appears that the ionised gas atoms move with great velocity 
and corrode the glass tube. A somewhat diffuse appearance 
of lines in strong fields is probably due to Doppler effect. 

The light from the neon tube was focussed by a lens at the 
slit of the collimator of an echelon spectroscope with horizontal 
slit. After passing through the echelon grating of 35 plates, 
each of which was 0-935 cm. thick, the light was brought to a 
focus by an achromatic lens and the echelon spectrum was 
projected by a Rudolph’s microplanar of 7-5 cm. focal length, 
on a collimator of a prism spectroscope, and then photographed 
with an objective of 10 cm. aperture and 75 cm. focal length. 
The plate was sensitised with dicyanin, which shortened the 
exposure more than any other sensitiser. At first the spec- 


* “ Ann, d. Phys.,” XXXIX., p. 897 (1912). 
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troscope was provided with a grating, but on account of the 
feebleness of light it was replaced by a 60deg. prism of 
flint glass having faces of 5cm. square. The spectrum 
generally extended from 6717 to 5852, and several exposures 
for the same field were taken. The magnetising current was 
kept constant by a regulating rheostat, and the pole pieces 
cooled by a steady stream of water circulating in the axis of 
the cones, which was perforated with the exception of the 
portion near the poles. Some of the spectrograms are shown 
in Plate I. 

The spectrograms were measured by means of a micrometer 
screw specially polished and accurate to about 1, and provided 
with a microscope of low magnifying power. As the trace of 
the separated lines sometimes measured several tenths of a 
millimeter, it was unnecessary to push the measurements to 
the order of a micron. Referring the separation to that of 
6266, the reduction can be easily effected and the strength of 
the field calculated from the known value of a for 6266. 

The following table contains the value of ue . 101%, thetypes 
of separation by the author and by Takaminé and Yamada, 


the calculated value of 10° xa, and the value of < 10-7 calcu- 


lated from a. The bracketed values of px and of < 10-7 refer 


to results obtained from the normal components only. 

The comparison of the types of separation will show the 
in lefiniteness of Runge’s rule for complex separation. The 
deviations from the rule are usually large for parallel com- 
ponents, for which the displacement is tolerably small. They 
may be due either to the smallness of the displacements or 
to the peculiarity of the parallel components. The normal 
components are more regular, and most of the deviations may 
be ascribed to errors of measurements. There is some doubt, 
if it is not proper in some cases to use the different values of q 
in the calculation of 10°xa for the normal and the parallel 
components. 

In the table, the values of px are more approximate 
to the observed values for the normal than for the parallel 
components. The values found from the normal components 
only for complex separation are given in brackets for the 


eal: e : 
sake of comparison, as likewise the values of — derived from 
m 


the same numbers, while those obtained from Takaminé 
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and Yamada’s and Lohmann’s measurements are also given 
side by side. From these results, we find that = obtained from 


n-components are somewhat nearer to the normal value. 
Some of the values of p and q are artificial, especially when they 
are large. Thus different values of p and qg were given by 
the experimenters. In addition to this, we sometimes meet 
with doubtful cases, such, for example, as the separation of 
5852; it is here simply taken equal to a, but if large values of 
p and q are admissible, they may be 23 and 22 respectively, 
which exactly corresponds to the normal value. This is 
probably inadmissible, and many cases of complex separation 
seem likely to have been made to conform to Runge’s rule, by 
assuming large values of p and g. The physical reasons for 
taking these values are not yet clear, and must be considered 
only as empirical, so that much weight cannot be given to 
these numbers. The good coincidence of some of the com- 
ponents is indeed wonderful, and the theory of the Zeeman 
effect will in the future be able to elucidate the present prob- 
lem, which must have an intimate connection with the con- 
figuration of electrons in the atomic structure. 

The question, whether the separation is proportional to the 
field or not, was examined on about 70 photograms, with the 
result that between the fields of 8500 to 21500 gauss the 
linear relation holds true. 


The mean value of 10-7 - found for the same range of fields 


from p and n components of 19 different lines is 1-784, and 
from n-components only 1-782. As the value of the standard 
line is still subject to some experimental error, I cannot place 
much weight on the absolute value, but it is quite clear that 


the mean value nearly corresponds to that of the normal 
triplet. 


The inspection of the table will at once show that the value 
of < is not a constant, which at first sight seems a little para- 
doxical. From the point of view of the electron theory, the 
discrepancies in the value of < may arise from various causes, 
which affect the electron configuration in the atom. The 


value of < usually given in the electron theory is deduced 
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on the assumption that an electron is at rest or moves slowly 
in an infinite space without any external electromagnetic 
disturbance. This condition is never satisfied in the atomic 
configuration. If the speed of the radiating electrons is com- 
parable with that of light, the correction due to relativity 
will evidently enter into the result, even if the electron be 
moving singly with uniform motion. In the case of neon, it 
may be argued that the radiating electron cannot satisfy the 
said condition, so that the mass of the electron would be 
different from that of the electromagnetic mass usually treated 
in the electron theory. The case of electrons moving at a 
fixed distance from each other was treated by Nicholson,* 
from which it is evident that the mass of two or more electrons 
moving together is greater than that of electrons taken sepa- 


rately ; the consequence is that the value of E should be 
} 


generally smaller than the normal value, which is approxi- 
mately 1-77<107 E.M.U. This is fulfilled in many of the 
lines above cited, and may either be ascribed to the rela- 
tivity correction or to the motion of the electron groups. 
Perhaps the latter explanation is the more probable. In 


a 
some cases the value of — is greater than the normal value, 
m 


and some explanation must be given. 

The effective magnetic field H is assumed to be exactly the 
same as that given by the electromagnet. If we admit the 
existence of rings of electrons rotating about the nucleus, the 
above assumption cannot be justified. The action of the 
external magnetic field will be superposed on the atomic 
field, and what is felt in the Zeeman effect will be the resultant 


of these fields. That the value of < is greater or less than 
the discrepancy in © must be traced to other causes. 
m 


the normal value may imply the fact that the effective field 
is smaller or greater than the external. It is difficult to esti- 
mate the magnitude of the atomic field, so that the value of 
H in deducing Runge’s formula is different from that of the 
electromagnet. If this is really the case, the linear relation 
of the amount of separation with the strength of the field 
will be but approximately fulfilled, so that the curve repre- 
senting the above is no longer straight. As above stated, the 


* Proc. Phys. Soc., Vol. XXVIL., p. 217 (1915). 
H2 
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deviation from linearity was within experimental error. 
Whether the field strength is not great enough to bring out the 
effect, or the atomic field is negligibly small compared with the 
external field, is rather difficult to answer. In the latter case, 

If we consider the effect of the magnetic field on the radia- 
tion as due to the minute change of configuration in the 
electronic configuration within the atom, the quasi-elastic 
force acting on the radiating electron must be subject to a 
change, which may not be too small to detect by means of the 
delicate spectral test. The effect was examined for triplets 
and nonets, but with no positive result. This important 
problem remains still unsolved for the most of lines, but if the 
change is appreciable, it will lead to important consequences 
as regards electronic configuration within the atom. The 
method similar to the examination of the so-called pole effect 
will lead to the final solution of the problem. 

The electronic configuration will be slightly altered by the 
external magnetic force, and the action of the electric field 
on the electrons will be correspondingly affected. This will 
account for the alteration of quasi-elastic force acting on the 
vibrating electrons, but the atomic electric field may act 
somewhat like the Stark effect, and cause the displacement of 
the lines. Probably the change in the configuration will not 
cause disturbances in the electric field as to produce appreci- 
able displacement, except for anomalous magnetic separations 
as observed in the mercury line 5790, the satellites of the 
helium lines 5876 and 4713, and the oxygen triplets in the 
ultra-violet. 

As to the complex separations of the neon lines, the theory 
of coupling by Voigt can explain nearly all the types here given. 
The sextets can be ascribed to two coupled electrons, the 
nonets to three, and so on; and if we consider the radiating 


electrons as moving together, the value of © will evidently be 
m 


open to question, as in the problem proposed by Nicholson. 
The formula for the mass of coupled electrons shows an 


‘ e ; a ’ 
increase, so that — must decrease. For the line 6402, which 
; m 
; : ae 
is separated into 15 components, — is very near to the normal 
m 


value, and shows no decrease in spite of the number of coupled 
electrons. This seems at first sight contradictory, but various 
causes may be acting simultaneously, so that in the above 
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example m may increase, but the effective field may decrease, 
so that different effects compensate each other and give the 


e 
normal value to —. 
m 


From the mechanical analogy of the Zeeman effect, it seems 
quite likely thatt he sextet corresponds to the case of two 
equal roots of the equation giving the natural frequency of the 
vibrating electron, and nonets to three equal roots, and simi- 
larly for other complex separations. Tentative experiments 
were tried to see if the lines giving rise to sextets, nonets, &c., 
are not multiple lines having minute differences among them- 
selves. This was tested by bringing the high resolving power 
of the Fabry-Perot interferometer having thick air plate to 
bear on the neon lines, but all the lines were apparently 
simple and showed no signs of multiplicity. 

According to Aston,* neon consists mostly of isotopes of 
atomic weight 20 and 22, while an isotope intermediate between 
the two may exist in small quantity. Each of the isotopes 
will give rise to spectrum lines which are nearly coincident. ° 
The constant difference in the frequency of lines, of which 
there are two very definite values, according to Burns, Meggers 
and Merrill,+ seems too large to account for the isotopes, but 
the complexity of the Zeeman effect in neon may have some 
connection with the existence of isotopes, and especially the 
observed fact that the types of separation are all multiples of 


’ three, 


The various causes above cited will, to some extent, affect 
the displacement of the lines due to magnetic separation, but 
we have at present no means of discriminating and assigning 
the discrepancies to these causes: 

A more thorough study of the atomic structure will be neces- 
sary to give weight to these different causes, but there may be 
other causes not yet mentioned, in which the shape of electrons 
forms a principal feature. The supporters of ring-shaped 
electrons may find some clue to the elucidation of Runge’s 
rule, and the discrepancies to which it is subject. One of the 
departures in this direction is the indeterminateness of the 
effective magnetic field, for the ring electron has its own 
field, and by making gyrostatic motion about its own axis, 
the field may be increased or decreased. 


* “ Phil. Mag.,” Vol. XXXIX., p. 449, 611 (1920). 
+ “ Bull.” Bureau Stand., Vol. XIV., p. 765 (1919). 
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Another suggestion is that, if the ring be contractile, the 
electro-magnetic mass may change, consequently different 


values of © are to be expected, as already indicated by the 
m ; 


experiment. Notwithstanding the various aspects under 
which the assumption of a ring electron is capable of solving 
the present problem, we have as yet no definite idea to account 
for the various types of separation, which is so characteristic 
of the neon spectrum. 

Borrowing a mechanical analogy, we can consider a ring 
electron as a vortex ring in an incompressible liquid. The 
circulation about the ring corresponds to magnetic flux, and 
the vortex to the rapidly moving charge. In this aspect the 
ring electron is no more than the vortex atom electronised. 
Such vortex rings are susceptible of radial vibrations and 
subject to flutings. The Zeeman effect is evidently analogous 
to flutings caused by the change of circulation about the ring, 
and is due to small changes of frequency by the magnetic flux 
in the circuit of the ring electron. We must, however, suppose 
that such flutings are controlled by the central nucleus, and the 
types of magnetic separation will be determined by the atomic 
configuration of the electrons. 

Other singular properties of neon may have some connection 
with the present investigation, but as no thorough study of the 
separation of lines in the more refrangible part of the spectrum 
has as yet been made, any hasty conclusion from the investiga- 
tion of the red and yellow Jines may lead to erroneous con- 
clusions. 

It will not be out of place to give a mechanical analogy of 
small oscillations for illustrating the Zeeman effect and Runge’s 
rule. Following Lorentz,* suppose the displacements of the 
electrons in a radiating atom to be determined by the normal 
co-ordinates, p;,, so that the kinetic energy, 7’, and the potential 
energy, V, are given by 


P=4 SApe 
1 

V=4 Bp; 
1 


By the action of the magnetic field, the system will be 
slightly disturbed, and the normal co-ordinates cease to be 


*“ Ann. d. Phys, u. Chem.,” LXIII., p. 278 (1897) ; Theory of Electrons 
(1909). 
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exactly normal; consequently the energies in the disturbed 
system will be given by 

P=} 2A, +a) py2+ ZAnKPrPrs 

V3 (By +b) 2+ a bnKP ADR» 
where h is different from h, a’s and 6’s are small, compared with 
A’s and B’s. Further we suppose that a’s and b’s are pro- 
portional to the magnetic field. The new force brought into 
play by the action of the magnetic field is given by the vector 
product of the velocity of the electron into the magnetic force. 
The force acting on the electrons by applying the magnetic 
field is given by 

ie DCH Die ; 
By the condition that P, is perpendicular to ,, 
Chur —Ckh. 


Thus the equations of motion, of which there are n, are 
of the general form 


(A, ay) n+ Laup, +(By+6;) p+ 2b) .P.— Sempjy=0. 
Put p,=wu,e”', and find the equation for determining the 
frequency v. By substituting in the equation of motion, we 
get m equations of the form 
{(Br +6) —v?(Ajp +p) }Up—tv 2X Cpgat 2 (Op, —Y ay.) Up=O. 
Eliminating w4,uv., . . ., Un, we obtain the determinantal 
equation for finding the frequencies 
(By—v7A1)+(b;—a,), —1Cyo+byo—V" One; 
—1¥Cq1+b91—v"dq1, (Bp—vAg)+(b2—Vaq), . . . [=O 


It is to be remarked that terms in small letters are very small 
compared with those given by the capital letters. ; 
In the undisturbed system, let us suppose that a certain num- 


B, 
ber, say the first & natural frequencies ve ve pass ene | 
if 


have a common value JN, and let us seek values of v satisfying 
the above condition and nearly equal to N. In that case, we 
can suppose N2—v? to be a small quantity nearly equal to 
QNSN, where ON is the difference of N from v, so that the 
additional small quantities in the determinant cannot be 
generally neglected, but owing to the presence of the factor, 
N, 2NON is large compared with 6N, which is very small. 
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Dividing the determinant by A,, As, ..., and putting 
Far we find that the result is approximately given by 


a 
eA 

(N2,,,—v*)(Ny2—v) .. «(N#,—) . A=0, 
where 

N?,—?+ B\—vay, —wyyotBre—Vaye, + + 
, A=| —t7e1+Be1—0g1, N29—* + Bo— Vay, . . « 


For finding the frequencies little different from the common 
value 


Nig a eeceee =N,=N 5 
the determinantal equation changes to 
NA ee lex aayie eis 


2 2 
Pee Herp N awd +e, Meg, + + 
Msi M325 N2— v4. . . . 


where for simplicity 
= 2, 
A= Vv O4) mY eras: 


— = Pair 
Myg=—WY 19+ Pyo—V7Ay2, - 


Evidently a, and /,, give rise to the disturbances in the 
normal co-ordinates of the initial system. We suppose the 
change due to the magnetic field to be very small; then 
an and fx, will be generally small compared with N2—v2, so 
that “4,,—=—1y,, nearly, and is proportional to the magnetic 
field. 

In 2,=/,—v?a,, we remark that (3, is of the same order of 
small quantities as 6N, and most probably v?a, would be of 
similar order. This point is still questionable, as v? is a 
large quantity. Under the above supposition the equation 
turns out to be 


go 8 | 
N?—y ee ies we | 
bye a 
(ar. ey Mes iyi gece 
Ms1 se eat | ; 


which is a skew determinant, since 


Unk + —Lin- 
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The determinant gives rise to an equation of the form 
(N24 0,(N212)—" 4. (N20 


Tf a, is not negligibly small, the right-hand side is equal 
to a small quantity, which is nearly constant. When the 
position of the lines remains unaltered, 12a, must be very 
small, and the change in kinetic energy due to magnetic 
force is negligible. This condition is nearly satisfied in the 
neon spectrum. The above consideration therefore shows 
that the change in kinetic and potential energies by the action 
of the external magnetic force of the electromagnet cannot 
be detected by the experiments. 

When & is odd, the last term contains N?—,?, giving the 
root N=v, which shows that the initial position of the line 
remains unaltered. By cancelling the common factor N?—1?, 
we obtain an equation which holds for the case of an even 
number of equal roots. If the roots for natural frequencies 
in the disturbed system are of the form 


N—vY=+R,, +R, +R,, See ae 
we get by expansion 


hy, 
vz=N+ ON’ 
where R, is directly proportional to the magnetic field to a first 
approximation. Thus the mechanical analogy of the magnetic 
separation of the neon lines is demonstrated. I remark that 
the separation is symmetrical about the initial position, as 
has already been observed, indicating the evanescence of the 
influence of the magnetic field, since the effect of a, and bp, 
affected with H is immeasurably small. 

Whether the external magnetic force is not strong enough to 
bring out the expected result, or the resolving power of the 
interferometers is not high enough to separate the closely 
packed lines into the components, awaits further experiments. 

From these considerations, we find that the change in 
frequency depends principally on cq, and hence on y,;,. Since 


this quantity arises from the force < [velocity x H], the bracket 


signifying that it is a vector product, it is evident that Ynk 18 


proportional to — which may be written aH, following 


the notation at the outset. Experiment further shows that 
the roots R,, Ry, . . . are proportional to the field. In the 
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case of complex separation with the electric force either 
parallel or normal to the magnetic field, we find the relation 
that the differences between the roots of the determinantal 
equation are equal, or R,—R,=R,—R,=... , which is 
again an aliquot part of the separation of a normal triplet. 
It can only be conjectured that the rule is a consequence of 
some quantum relation. 

How far Runge’s rule holds true is still a problem, but the 
present experiments and mechanical analogies show that 
small terms of correction are generally negligible except yz, 


depending on the field and the ratio <. Thus the result is 
but approximate, and probably uo exact coincidence in the 
values of < can be expected, though further accuracy in the 


measurements can be attained. From the preceding discus- 
sion, it is also evident that the change in atomic configuration 
by an external magnetic force of 20 kilogauss is not sufficient 
to affect appreciably the kinetic and potential energies of the 
system. 


The present investigation was made at the Institute for 
Physical and Chemical Research with the view of utilising 
the magnetic separation of neon lines for surveying hetero- 
geneous magnetic fields. The photograms were mostly taken, 
by Mr. T. Mishima and Mr. T. Okazawa, and the micrometric 
measurements and reductions were made by Mr. 8. Sakurai,. 


all assistants in the Institute, to whom my best thanks are 
due. 
DISCUSSION, 


Prof. J. W. Nicuorson said the Paper was of the very greatest value. 
The experimental results were of high importance. He did not, however. 
think ‘that the explanation of the discrepancies advanced by the author 
was adequate. Personally, he did not believe in the so-called series 
electron, 7.¢., an electron very much more remote from the nucleus than 
any others in the atom. The modern conception of the normal helium 
atom assumed that one electron pursued a nearly circular elliptic orbit 
at one focus of which the nucleus 2e was situated. The orbit of the other. 
electron was a smaller and more elongated ellipse intersecting the first 
The arrangement was such that although the second electron would some- 
times be quite near the nucleus, at other times it could be as far away 
as the first, and the simple theory of the series electron could not be expected 
to hold. The effect of a magnetic field was to change the character of the 
orbits. There were various possibilities. He had worked out a possible 
case for helium some years ago. It consisted of two concentric circular ’ 
orbits, the electrons moving in such a way as to keep as far apart as possible. 
The ratio of the radii of these orbits was about 9-8: 1. He felt sure that the 
magnetic separation did not depend only on e/m, but was also a function 
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of this ratio of the orbits, and that values such as he had indicated would 
probably put right the discrepancies referred to in the Paper. 

Mr. M. N. Sana (of Calcutta University) said, in regard to Prof. Nichol- 
son’s remarks, that the difficulty in extending Bohr’s theory to the problem 
of helium radiation was that a complete solution had not yet been obtained 
of the problem of three bodies. Poincaré had succeeded in giving a solution 
assuming the masses of two of them to be infinitesimally small compared 
with that of the central body. He had tried to apply Poincaré’s method 
to the helium atom, but so far without success. With regard to the size 
of the orbits, he referred to a Paper by Mr. S. N. Basu in the “ Phil. Mag.,” 
November 1920. He deduced Rydberg’s Law from Bohr’s theory by 
assuming the central attracting system to be composed of a net unit positive 
charge plus an electric doublet of definite moment. The fact that the 
ordinary lines of an element could be grouped into series with the Rydberg 
constant N showed clearly that the lines are produced by the quantum 
changes of orbit of the series electron, the nuclear charge and the remaining 
electrons merely determining the central attracting system. The size of 
the natural orbits of the electrons could be deduced from a corollary of 
Basu’s theory, viz., that the radius is inversely proportional to the ionisation 
potential. For helium this is 25-4 volts, and, taking the natural radius 
of the electron in the H-atom as 0-532 10° cm., the radius of the outer 
electron of the He-atom is 0-28x10%cm. When this electron is lost the 
next one describes a circular orbit of 0-134x10-§ cm. (taking the second 
step ionisation potential as 54-6 volts), the ratio being about 2:1. In the 
neutral atom the orbit of the inner electron will be pushed inwards, but he 
could not see how the ratio could ever be so high as 9 to 1, as suggested 
by Prof. Nicholson. ; 

Prof. RANKINE asked Prof. Nicholson how much the ratio of the orbits 
differed before and after radiation took place. 

Prof. Nicuorson replied at length to the various questions raised. In 
the type of orbit he had mentioned the ratio was never less than about 7. 
As regards the Rydberg constant necessitating the series electron being far 
away he pointed out that when this was so they obtained the Balmer 
formula involving N/m?. If it was less far away this was replaced by - 


C4 : 
N/(m+wp), and if still less by Ni(m+pr7 2) All these corrections to 


the denominator were simply in order to preserve the constant NV in the 
numerator. They could get equally satisfactory series formule by intro- 
ducing the corrections in the numerator instead. 
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X. A Method of Demonstrating the Retroactive Property 
of a Triode Oscillator. By EH. V. APPLETON, M.A., 
M.Sc. 


RECEIVED SEPTEMBER 24, 1920. 


ABSTRACT. 


Tur author, following Vallauri, gives an approximate treatment of 
the conditions which gives rise to retroaction between the grid and 
anode circuits of a triode valve, and describes an arrangement of 
circuits whereby the property can easily be demonstrated to a large 
audience. 


The method of using triode retroaction for the amplifica- 
tion of wireless signals is now well known. Of the various 
examples of the use of this method the arrangement de- 
scribed by Armstrong * may be regarded as typical. Here 
the usual oscillatory circuit L,C (see Fig. 1) is connected 
to the grid and filament of a triode, retroaction being 
obtained by means of the coil Z, in the anode circuit. 


If the mutual inductance between L, and L, is of the 
correct sense and magnitude it is possible to cause the 
variations of the anode current, produced by a free or forced 
oscillation in Z,C, to induce favourably timed electro- 
motive forces in the oscillatory circuit and so partly or 
wholly compensate for Joulean and other losses. In the 
case of total compensation, of course, the oscillation is 
undamped. 

The following approximate quantitative treatment, sugges- 
ted by the work of Vallauri,t seems to make the matter 
clearer. Consider a free oscillation in the circuit LG. 
Ignoring for the moment the effect of L, we have for the 


* E. H. Armstrong, “‘ Proc.” Inst. Rad. Eng., 3, p. 215, 1915. 
+ G. Vallauri, ‘L’Elettrotecnica,” 3, p. 43, 1917. 
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ordinary expression of the electromotive forces in the 
circuit Q 


LQ+RQ+5=0, . AONE toe? eae) 


where Q is the charge on the plate (a) of the condenser at 
any instant. 

If we now take into account the mutual inductance WM 
between L, and L,, and also assume that the resistances 
of both coils are small compared with their reactances 
for the particular frequency considered, we have approxi- 
mately 

VM 

cor 
where V and v are the induced anode and grid voltages 
respectively. Also the value of v at any instant i: ri 
If we now assume that the anode current changes in the 
tube are proportional to the anode and grid voltage changes 
involved, we have, if J is the value of the anode current, 


I=av-+bV-+e, 
where a, b and ¢ are constants. 
On substituting for V and v this becomes 


__Q, bMQ 

aida ole 

; aMQ , bM?Q 
that 1s MI=—p- ae . 


Now —WMI is the value of the E.M.F. induced in the 
oscillation circuit by the anode current variations. In the 
retroactive case we must, therefore, rewrite (1) as follows : 

.: Ma 6M%.,Q 
L,Q-4 (R rae zc) etg ‘ete Opa 

For retroaction in the circuit we are considering it is 
well known that M must be negative and thus the effective 
resistance of the circuit may be written as 

Ma , Mb 

a Cae 
where M represents the numerical value of the mutual 
inductance. We may make this effective resistance as 
small as we please by increasing the numerical value of M, 
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as in a practical case is small compared with a. This 

1 
reduction in the effective resistance of the oscillatory 
circuit makes, of course, a corresponding reduction in the 
damping. Now the time required for a free oscillation to 
decay to one-hundredth of its value in a non-retroactive 
circuit 1s 

9-212L, 

—_— seconds 


R 


(Z and R# being in a consistent set of units). In a retro- 
active circuit we must write this 


eels seconds 

—— ; 
pale 
(ean x6: 


It is possible to demonstrate the difference between 
these two times in circuits where L, is very large and the 


Fia. 2. 


signals are of acoustic frequency. A simple circuit for this 
is shown in Fig. 2. The condenser C is charged by putting 
the change-over switch in the (A) position and then dis- 
charged through the inductance L,by changing to the 
(B) position. The oscillation in the L,C circuit is heard 
in the telephone 7. By performing this experiment first 
with the coils L, and L, very loosely coupled, and afterwards 
with the value of M adjusted so that the effective resistance 
is appreciably diminished, it is possible to show to a large 
audience that a free oscillation, which, without retro- 
action, sinks to inaudibility in a fraction of a second, can, 
by means of retroaction, be prolonged for 4 or 5 seconds. 
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Ifa vibration galvanometer is used instead of a telephone 
a quantitative determination of the effective resistance in 
any particular case is possible. J 


[Note added Jan. 26th—A slightly more satisfactory 
arrangement than that shown in Fig. 2 is obtained when the 
oscillatory circuit is impulsed electrically by means of a 
neighbouring aperiodic circuit. | 


DISCUSSION. 


Prof. W. Eccixs said the method would be very useful as a lecture experi- 
ment. Those who were accustomed to high-frequency work were familiar 
with these phenomena, but students were often mystified by the perfect 
‘silence of high-frequency circuits. ‘he author’s arrangement for demon- 
strating the effect at audio frequencies was therefore valuable. It reminded 
him of one apparatus, which Mr. Jordan and himself had shown, in which a 
tuning fork took the place of a condenser and inductance, the mass standing 
for the inductance and the elasticity for the capacity. The arrangement 
was very portable. The author’s treatment of the conditions of the experi- 
ment was a very useful amplification of Vallauri’s analysis. 

Prof. Howe said he presumed the reason why the time during which the 
oscillations remained audible could not be extended beyond a few seconds 
was that harmonics had to be taken into account, whereas the analysis 
assumed a single sine wave. 

Dr. D. OWEN said that it was quite possible to hear the note produced in 
a shunted telephone included in an oscillatory circuit of audible natural 
frequency, on charging or discharging the condenser. By use of tuning 
fork and monochord the frequency could be measured, and thus the oscilla- 
tory nature of the discharge, and the laws connecting the frequency with 
inductance and capacity could be verified by the individual student. He 
had tried to multiply the effect by the aid of a tuning-fork interruptor, but 
not with much success. The author’s method made the demonstration 
possible to an audience, though at the sacrifice of simplicity. It was to be 
noted also that the reaction of the mutual inductance would have the effect 
of slightly raising the frequency of the original circuit. This rise of fre- 
‘quency appeared to be a general consequence of supplying energy for the 
production of maintained vibrations in an oscillatory system. 


ae 
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XI. The Quickness of Response of Current to Voltage in a 
Thermonic Tube. By D. OwEN, B.A., D.Sc., and R. M. 
Arcusr, B.Sc., M.I.E.E., Birkbeck College, London. 


RECEIVED NovemBer 247TH, 1920. 


ABSTRACT. 
SrEapy voltages were applied between the hot and cold electrodes of 
a thermionic tube, for intervals of time which could be varied from 
0:00001 second to a minute or longer. The mean current during the 
interval was measured by the Wheatstone bridge, using a null ballistic 
method. 

Two types of thermionic tube were employed, one at a comparatively 
high gas pressure, the other at a far higher degree of exhaustion. 
It is found that on applying the voltage the initial rise of current to 
its maximum is followed by a fall, the rate of which diminishes with 
time. In the tube at the high gas-pressure the effect is considerable, 
and the final value of current may be less than half the initial value, 
In the case of the tubes at lower gas pressure the fall, though sensible, 
is far less pronounced, say, three or four per cent. 

An experiment is described showing that whatever the change of 
conditions causing the observed fall may prove to be, this fal] is not 
attributable merely to the high temperature of the filament, but is 
conditional on the thermionic current being permitted to flow. 

The results point to the practical conclusion that in order to avoid 
phase difference between current and applied voltage, and consequent 
distortion, at telephonic frequencies, of signals transmitted through a 
thermionic tube, the vacuum should be as high as possible. 


INTRODUCTORY. 


The thermionic tube is now very widely used as an amplifier 
or relay in telephonic and other circuits. The accuracy of 
reproduction of the incoming signals is clearly dependent on 
the absence of any time-lag, or equivalent effect, between 
the thermionic current flowing in the valve and the voltage 
impressed on its terminals at the same instant. It is often 
assumed that owing to the extremely low inertia of the electron, 
which is the vehicle of the current, the response of current to 
voltage must be practically instantaneous, and the two there- 
fore necessarily in phase. Thus, for a field of one volt per 
centimetre the time required for an electron to cover a distance 
of 1 cm. from rest is less than a thirty-millionth of a second. 

There are, however, other factors possibly at work ; second- 
ary ionisation of residual gas or of gas liberated by bombard- 
ment of the electrodes, or a change in the surface of the hot 
electrode, may be supposed to be capable of afiecting the time 
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required for the attainment of the equilibrium value of the 
current between grid and filament. 

The present Paper contains a description of experiments 
made to ascertain whether such a time-effect can be placed 
in evidence. It is shown that in every case tried the answer 
is in the affirmative. The effect is considerable in tubes 
containing a platinum (lime-coated) filament, the residual gas 
pressure being moderately high—well above 0-001 mm. of 
mercury. In tubes in which the heated filament is of tungsten, 
and the degree of exhaustion of the bulb far greater, the effect 
is small, though quite appreciable. In every case the effect 
observed is a fall of current with time ; it is thus incorrect to 
describe it as a time-lag, though it is evident that the outcome 
is none the less to produce a phase-displacement, and so a 
distortion of signals in a telephonic or telegraphic circuit in 
which the thermionic valve is employed. 


EXPERIMENTAL ARRANGEMENTS. 


The measurements were carried out by the ballistic method 
described in a previous Paper.* Consider a Wheatstone 
bridge connected as in Fig. 1. The grid and anode of a triode 


FB. RBA 
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Fic. 1.—D1acram oF Exzctrican Circuits. T.Sw.=TIME-SWITCH ; 
Pl.=stTexrL TARGET; Hb.=EBONITE INSULATION ; B.B.=BRIDGE 
BATTERY; F.B.=BATTERY SUPPLYING FILAMENT; pp—LEADS TO 
POTENTIOMETER; Gr.=GRID; H=ACCUMULATOR IN SERIES WITH 
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valve are put in direct metallic connection, and the space 
between them and the negative leg of the filament inserted 
as the unknown resistance in the arm CD of the bridge. The 
battery circuit is closed for a definite period, which can! be 
* Proc. Phys. Soc., Vol. XXX. p. 33 (1916). 


VOL. XXXII. I 
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varied from 0-00001 second to any desired upper limit, the 
galvanometer being permanently in circuit. The bridge is 
balanced when the integral flow of electricity through the 
galvanometer is zero, this condition being attained, as in the 
ordinary use of the bridge, by variation of the resistance of 
the adjustable arm. 

A difficulty obviously presents itself at the outset when the 
bridge is applied to the case of a thermionic tube, namely, 
that even when the battery circuit is open a current will flow 
from grid to filament, so producing a deflection of the gal- 
vanometer. With tubes containing a platinum filament this 
effect is quite small, and it can be readily shown that obser- 
vations made with the slightly disturbed zero give sensibly 
the same results as though the effect were non-existent. With 
the higher temperatures holding in tubes with tungsten fila- 
ments, on the contrary, this effect is quite large. The most 
convenient way of eliminating it was found to be by inserting 
an accumulator cell in series in the arm containing the tube ; 
this, of course, involves a change in the subsequent calculation 
of the resistance at balance, as shown below. 

The durations of closure of the battery circuit usually 
employed were 0:00001, 0-000025, 0:0001, 0-00082, 0-005, 
0-05, 1 and 30 sec. The very shortest periods were obtained 
by the use of balls or rings of steel or brass, which were sus- 
pended by fine copper wires. On drawing one of these out of 
the vertical a definite distance by means of a silk thread, 
and letting go, collision is made between the ball and a heavy 
steel target ; the battery circuit is thus completed for a period 
equal to the duration of contact between the ball and the 
target. These times of contact were ascertained by sup- 
plementary measurements involving the use of a standard 
condenser and a resistance of known and suitable value. 

The intermediate times, from 0-005 to 0-02 sec., were ob- 
tained by using a pendulum switch. The pendulum, with an 
attached tongue of hard copper strip, is drawn out a noted 
distance, then released and allowed to glide over one of two 
brass strips, one narrow, one wide, let flush into a sheet of 
ebonite chamfered off to avoid vibratory motion of the tongue. 
The long closures were made by hand, the balance in these 
cases being not ballistic, but continuous. 

The mean resistance of the space between the cold and hot 
electrodes, and the current across this space, are calculated 
(for fuller treatment reference may be made to the Paper 
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already quoted) from the following relations, which hold at 
balance :— 


Ip v’ 

j z — _ 
0 S=- ak Bak Peg 

ie 

Cd Be en ie en a ee |) 
P+Q . 
Ee owe ce ee ND) 

a VQ 
te AP ew ih Sia eagle i, 
R S(P+Q) 2 

pal —2(P+9)8 
a VQ Cy 
where 
P and Q denote the resistances of the ratio arms of the 
bridge, 


S the resistance of variable arm at balance, 

R’ the apparent resistance of the arm CD (including the 
thermionic tube in series with the accumulator cell), 
R the resistance of the tube alone (hot to cold electrode), 

V the voltage applied across the bridge (A to C), 

v the voltage across the arm containing the tube (D 
to C), 

v the voltage across tube only, 

E the E.M.F. of accumulator in series in arm containing 
the tube, 

7 the current through the tube. 


Precautions were taken to ensure the elimination of pos- 
sible sources of error. It is essential that the voltmeter 
used in measuring the voltages V should be disconnected during 
the actual ballistic test, in order to avoid the disturbing effect 
arising from its inductance. It appeared possible that the 
inductance of the galvanometer (of the Broca type, resistance 
1,000 ohms) might not be without a similar effect. To test this 
point the connections between B and D were arranged as 
shown in Fig. 2. A resistance, w, is placed in series with the 
galvanometer, and in shunt with the two is arranged a 4 mf. 
mica condenser in series with a resistance, W. The condenser 
branch exactly compensates the inductive branch if W=G@ 
+w, and L/W=KW, where L denotes the inductance of the 
galvanometer and @ its resistance. With this arrangement 

12 
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the voltage between the points B and D at any instant in the 
variable state is the same as if these points were connected 
by a non-inductive resistance W. It was found on making the 
trial that the balance-point was entirely unaffected by this 
change, showing that the inductiveness of the galvanometer 
as simply connected was without sensible effect on the results. 

The bridge circuits and the heating circuit were insulated, 
both from one another and from earth. 


D 


Fic. 2.—ALTERNATIVE GALVANOMETER CIRCUIT. 


Whenever necessary, extreme constancy of the current 
through the filament was obtained by the aid of a potentio- 
meter, to which the resistance PS in the heating circuit could 
be connected. 


EXPERIMENTAL RESULTS. 


1. Tube with Platinum (Lime-coated) Filament.—In this type 
of tube, as already pointed out, the residual gas pressure is 
comparatively high. Successive values of voltage from zero 
to 50 volts were applied between the electrodes of the tube. 
The observations are represented by the curves of Figs. 3, 4, 
5, and6. Fig.3 contains the resistance- and ourrent-charac- 
teristics over the range 1 to 5 volts, for ¢=1 sec. and t=0-00082 
sec. In Fig. 4 are incorporated the resistance-characteristics 
over the whole range of voltage used, and for times of applica- 
tion of voltage between the limits of 1 sec. and 0-000025 sec. ; 
the corresponding current-characteristics are given in Fig. 5. 
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The current falls with time, the effect being very marked 
except at the higher voltages. Thus at 5 volts the current 
at the end of 1 sec. is only about two-fifths of its mean value 
during the first 0-000025 sec. Ata voltage of 25 the depen- 
dence of current on time has almost disappeared, and this 
independence persists up to the maximum value of 50 volts. 
It will be observed that with this tube saturation is far from 
being attained at that voltage. 


150,000 


100,000 


2 3 
Volts. 


Fic. 3.—RESISTANCE—AND CURRENT-CHARACTERISTICS BELOW 5 
VoutTs, FOR t=1 SEC. AND t=0-00082 sec. (TUBE WITH PLATINUM 
FILAMENT. COMPARATIVELY HIGH GAS PRESSURE.) 


Within the range employed the current approximates to a 
limit as the time of application of voltage is continuously 
reduced. This may be seen by plotting the values of current 
against time abscissae, or rather, for convenience of scale, 
against log?t, as shown in Fig. 6. This leads to the inference 
that, within the time-range employed, the current falls with 
time according to a law of an exponential type, with a time- 
constant of 0°0065 sec. The maximum and minimum limits 
of current indicated are 0-9 and 0:25 milli-ampere. 
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60,000 4 
dt | 


ohms. 
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Fic. 4.—RESISTANCE CHARACTERISTICS FOR VARIOUS PERIODS OF 
APPLICATION OF VOLTAGE FROM 0:000025 smc. TO 1 SEC., AND FROM 
0-50 voLts. (TUBE WITH PLATINUM FILAMENT: GAS PRESSURE]COM- 
PARATIVELY HIGH.) 
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Fig. 5.—CuRRENT CHARACTERISTICS. (TUBE WITH PLATINUM FILA- 
MENT.) DERIVED FROM Fic. 4. 
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2. Tube with Tungsten Filament.—These tubes were of the 
R-type supplied by the General Electric Company. By the 
courtesy of Mr. C. C. Paterson we are able to state that the 
residual gas pressure does not exceed one ten-thousandth of a 
millimetre of mercury, and may be distinctly below that value. 

The results may be summed up in a single curve, that of 
Fig. 7. Three of the characteristics only are shown, for 
periods of application of voltage equal to 0-0001, 0-005, and 
1 sec. respectively. The curve for t=0-000025 sec. is indis- 
tinguishable from that at 0°000025 sec. Similarly the curve 
expressing the results for t=30 sec. is almost inappreciably 
different from that at t=1 sec. 

It is evident that the time-eflect is very small in this type of 
tube, though it unmistakably exists. As before, the effect is a 
decrease of current with time. The whole variation in this 
case amounts only to 3 or 4 percent. A curve of the type of 
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Current in Micro-amperes. 


10°+ 10° 10-2 10°? 1 10 
log T SEC. 
Fic. 6.—THERMIONIC CURRENT PLOTTED AGAINST LOG T, SHOWING 


APPROACH TO LIMITING VALUES FOR t VERY GREAT OR VERY SMALL. 
(TUBE WITH PLATINUM FILAMENT.) 


Fig. 6 is also found, a time-constant of the order of 0:0008 sec. 
being indicated. 


3. Experiments on the Influence of the Heating Current.— 
It is easy to demonstrate by the experimental method of the 
present investigation that the cause of the change of condition 
within the tube which leads to the observed variation of 
current with time is not to be found in the mere action of the 
heating current, apart from an actual flow of electrons from 
it to the cold electrode. Fig. 8 represents the results of 
a test which extended over 20 hours on a tube with pla- 
tinum filament. The portion ABC gives values of current 
obtained by ballistic measurement, the period of flow per- 
mitted being 0:00082 sec. ; the grid at the intervening times 
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T=0-0007 Sec. 


Current in Milli-amperes. 


(0) 5 10 15 20 25 30 
Volts. 


Fie. 7.—CuRRENT CHARACTERISTIC FOR THREE PERIODS (t) OF 
APPLICATION OF VOLTAGE. (TUBE WITH TUNGSTEN FILAMENT. GaAs 
PRESSURE COMPARATIVELY LOW.) 


yex- te fe a et 4 


Current in Micro-amperes. 
a 


0 250 500 750 1000 1250 1500 
Minutes. 
Fic. 8.—CuRVE SHOWING THAT THE TIME-VARIATION OF CURRENT 
FROM GRID TO FILAMENT IS THE RESULT OF A CHANGE OF CONDITIONS 
PRODUCED BY THE FLOW OF THIS CURRENT. 
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being at —2 volts with respect to the filament, the thermionic 
flowing was practically zero except during the brief interval 
of the actual test. The curve indicates the usual course 
followed by a characteristic during the initial period after 
switching on the heating current; long before C is reached 
it has “settled down” to its steady value. On reaching C 
the voltage (4°39 volts) was permanently applied, and the 
balance-point obtained about a minute later is represented 
by the point D. The current has already fallen to less than 
half its value atC ; it continues to fall steadily, and evenat EF, 
after 15 hours’ steady application of the voltage, the rate of 
fall is quite appreciable. At # the voltage was removed, and 
readings again taken every few minutes by short-period 
applications of the voltage; thus the portion FGH was ob- 
tained, showing that the effect of the prolonged flow of ther- 
mionic current quickly disappears, though the initial value is 
not entirely recovered. 


CONCLUSIONS. 

These experiments prove that a sensible time is required to 
establish the equilibrium value of the current between the hot 
and cold electrodes in a thermionic tube when a steady voltage 
is suddenly applied. In every case the current falls with time ; 
although the duration of application of voltage was cut down 
to the limit of 0°00001 sec., in no case was any observation of 
the initial rise secured. 

The cause of the change is assignable to some variation of 
conditions within the tube, which comes into play only when 
the thermionic current is allowed to flow. In the type of tube 
containing a lime-coated platinum filament, for which the 
residual gas pressure is probably well over 0-001 mm. of mer- 
cury, the value of the current after a lapse of some seconds 
may be as low as one-third of its initial maximum. 

In tubes containing a tungsten filament, exhausted to pres- 
sures of the order of 0:0001 mm., the total reduction of current 
amounts only to 3 or 4 per cent. 

It is thus probable that the magnitude of the variation of 
thermionic current with time is determined by the value of 
the pressure of residual gas in the tube, beg continuously 
reduced as this pressure is reduced. 

The distortion of signals of telephonic frequency would 
probably be quite appreciable in tubes in which the gas pres- 
sure is above 0:001 mm., but inappreciable when the pressure 
is as low as 00001 mm. 
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The earlier work (on the platinum filament type of tube) 
was carried out in 1915-1916 at the instance of the Depart- 
ment of Wireless Telegraphy, H.M.S. Vernon, Portsmouth. 


The authors are indebted to the courtesy of Sir Robert 
Hadfield for the target of rustless steel, which proved a con- 
siderable convenience in the ballistic tests. 


DISCUSSION. 


Mr. E. V. APPLETON pointed out as a possible cause of the effects that the 
filament is always cooled when the anode current is put on. This means 
that the electronic emission is reduced. Dr. van der Pol and he had recently 
had to explain the form of some oscillograms of a triode generator in this 
way. The condition of the filament before and after closing the anode 
circuit was quite different, and the effect of the latent heat of electronic 
evaporation and the heating effect of the anode current had to be taken 
into account in the latter case. It had been found that because of this the 
final emission in a certain case was only 86 per cent. of the original amount. 
Regarding things in this way it is possible to account for the exponential 
fall of the current with time observed in the present experiments, and if a 
filament of typical size is considered the time constant comes out about the 
right value. In soft tubes anything might happen, but he expected that 
with the filament voltages used a cooling would also be obtained. 

Prof, EccuEs said he had himself thought of this as a possible explanation. 
There were also other things which might act in a similar way. If there is a 
very little gas in the valve a deposit of molecular thickness is formed on the 
filament and evaporated from it as changes of the anode current occur. 
This layer greatly alters the electron emission. Another point which had 
occurred to him was that the change in the distribution of the electron cloud 
which must occur when the voltage is applied might be responsible, but a 
consideration of the times involved ruled this out. Besides resistance these * 
tubes hada species of back E.M.F., and, as far as possible, attempts should 
be made to separate them in dealing with valve problems. 

Dr. RayNeEr said that if the effects were due to cooling of the filament the- 
dimensions of the latter ought to have an important influence. 

Mr. F. E. Smirx pointed out that the straight part of the curve DE 
(Fig. 8) was approximately parallel to CG. This seemed to indicate that 
the steady drop between 250 and 1,250 minutes had nothing to do with the 
anode voltage being on, but was probably due to fatigue of the filament. 

A Visrror queried the authors’ statement regarding Fig. 2. The induc- 
tance of the path BGD was unaffected by the shunt circuit BK D. 

Dr. VINcENT suggested that it was desirable to indicate by a ring, in 
Fig. 1, the existence of glass round the valve to show that it was a vacuum 
tube. His first impression on reading the Paper was that our usual ideas as 
to characteristics would have to be scrapped. He was relieved to find that 
the curves of Fig. 7, for the hard valve, were so nearly the orthodox char- 
acteristics taken in the usual way. 

Dr. G. D. West emphasised the importance of the study of the internal 
action of valves, and congratulated the authors on their work. 

Dr. OWEN, in reply to the discussion, said : The theories of the variation 
of thermionic current with time which have been put forward by speakers, 
are of great interest. The authors in the present Paper had made it their 
concern to establish the existence and the magnitude of this effect, in the 
case of the two classes of valve—namely, the soft and the hard types. They 
would be able to pursue their further work in the light of the explanations 
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advanced, and perhaps to discriminate between them. With respect 
to the query as to the arrangement of Fig. 2, the important point was that 
the combined circuit behaved like a perfectly non-inductive resistance con- 
necting the points B and D, thus avoiding the persistence of an induced 
E.M.F. acting on the part of the bridge outside BD. How this was brought, 
about, and the state of affairs in BGD and BKD, constituted an interesting 
though simple problem, which the questioner would be able to solve after a. 
little examination. In reply to Dr. Vincent, he hoped that the fact that 
valves were enclosed in glass tubes was sufficiently known to render unneces- 
sary the expense incurred in altering the block. 


Mr. ARCHER made some remarks explanatory of the devices used in the 
production of the short intervals of time used in the experimental work 
described in the Paper. 
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On the Mechanical Equilibrium of a Sphere of Gravitating 
, F.RS. (Part of 


Fluid. By Cuartes H. Lexs, D.Sc 
the Presidential Address to the Physical Society, February 


13, 1920.) 
(Continued from Vol. XXXII., p. 270.) 


9. In many cases it is more convenient to define the state 
of the homogeneous medium at radius 7 in terms of the pres- 
sure p and temperature 9, rather than the pressure and 
specific volume v of the fluid. We then write 

du ( Ov, dp ie dé 
dr \ap/, dr ' \90/, dr’ 
or, since in virtue of the pressure equation 


where g is the gravitational acceleration at radius 7, 
dé 


dv /v\ g , (ov 
dr alee ley dr* 
The condition for stable mechanical equilibrium (6-2) then 


becomes 
-@).4 +(5 a ae 9Bo, 
(9-1) 


2 .- > 9(By—Be) 


90/p ar 


or 
here B, is the isothermal compressibility of the medium 


Ww 
Thus, for stable equilibrium 
dé Be—Be 


on 
iy p 
ov 9 
But Shee ee . 
Bo—Bo= aa), (92) 
Hence the condition for stable equilibrium becomes 
dO. g @0 /dv 
dr” 0, 0° (<9), 
(9-3) 


: db g @ dv 
ue ~ dr meals 
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where ¢, is the specific heat of the medium at constant 
pressure expressed in work units. 


10. If we apply this condition to a homogeneous ideal 


gas well away from the centre of the fluid sphere we have 
for the gas 


pox 0. 
Hence a hE 
v \00/> 
and the condition for stability becomes 
dd g : 
dr < Cy . . . . . « (10 1) 
Or, since for the gas 
ee eget 
Pm y—V? 
we may put the condition in Kelvin’s form 
dO y—l g 
SR or OD 


As the specific heats and their ratio are constant for such a 
gas, we see that while g is constant there will be no tendency 
for one portion of the gas to become unstable for the same 
temperature slope before another. The decrease of g as we 
proceed outwards through the outer and rarer portion of the 
gas will, however, reduce the margin of stability for a given 
temperature slope. 

For a gas or vapour well away from the centre, to which 
Van der Waal’s equation applies, we have 


(p+5,) (0) =" 6, 


where R is’nearly the same in value for all gases, and 


= (3) 45 Gas): - S03} 


For gases for which the Joule-Kelvin effect is a cooling 


is positive. For hydrogen at temperatures above 193° 
absolute it is negative, but becomes positive at lower tempera- 
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tures. For most gases c, increases as the temperature rises. 


Hence the variations of ae and of c, may oppose each 
v \00/p 

other in their effect on the stability. The effect of gravity is 

the same as in the case of a perfect gas. 


For a homogeneous liquid not near the centre = (3) is of 
P 

the order 0-001 and increases about 10 per cent. per 100°C. 
C, 1s of the order 1-5 x 10", and increases at a somewhat greater 
rate. The variation of stability will, therefore, depend mainly 
on the product g0, the factors of which may change in the 
same or in opposite directions as we move radially. Where 
g@ is least the stability condition is most exacting. 


11. If the fluid is not homogeneous throughout but consists 
of a number of homogeneous media which do not mutually 
dissolve each other, the various media will for stable equili- 
brium be arranged in concentric spherical shells, subject to 
the equivalent conditions that in each homogeneous fluid shell 


dv do db _g 0 ov 
I 9fg, ees and SEE 
Peale: Tatar: dr ~c, V- \00/p’ 
while at each spherical surface separating two media the 
specific volume v must not decrease as 7 increases. 

On each side of the separating surface 2 must be positive, 

r 

while at the surface itself @ changes from @, for the first to 
for the second medium. We may, therefore, state the law of 


change of entropy with r in the form-—. For stable equili- 
raed 
brium - at any point must exceed the rate of increase of 


¢ due to change of composition of the fluid at that point. 

The fact that ice is in equilibrium on the surface of water 
shows that the entropy per gram of the upper material need 
not always exceed that of the lower. 

As the conditions for thermal equilibrium at a surface 
separating two fluids are that the heat fluxes and temperature 
on the two sides of the surface shall be equal, it is sometimes 
convenient to write the condition for stable mechanical 
equilibrium in each fluid in the form 

a0 4g O/ev 
es - i he 


P 


(11-1) 


‘Pp 
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where & is the rate of transmission of heat per sq. cm. per 
second, for unit slope of temperature. 

Thus the flux of heat outwards per square centimetre per 
second must be less than 


Cp U 09/» 
: g 1 ev : . 
that is thank .6.a, where ay=~(= , and is sometimes 
Cy v\90/, 


called the coefficient of cubical dilatation. 


12. Although it will not often happen that the equilibrium 
just becomes stable in each of two contiguous fluids at the 
same instant, it may be mentioned that in such an event 
there would, in general, be an abrupt change in the value of 
= on passing through the surface of contact. If v, is the 

r 
specific volume and f, the adiabatic compressibility of the 
first and v,6, of the second fluid, we have cn one side of the 


dw 


surface of contact O19 and on the other yp Ibe In 


dé g 6 /0r, 
the same way the value of — re changes from ss ‘ ( a) to 


I 2 (=) and of 9 from 9, to 9p. 
Co V2 \O /p 

Thus in passing upwards from a liquid to a gas or vapour 
in both of which equilibrium is attained at the same instant, 
since the adiabatic compressibility of the gas or vapour is 
much greater than that of a liquid, the rate of increase of the 
specific volume with height will be much greater in the gas 


eee 1 /cv : 
or vapour than in the liquid. Since a Ga for a gas is 


of the order 3-6 x 10-8 and for a liquid of the order 10-°, while 
the specific heats of gases and vapours are, in general, less 


than those of liquids, the value of — ar in the gas or vapour 


will be of the order 5 times that in the liquid just below it, if 


the two attain equilibrium together, 
Ag the condition for thermal equilibrium requires the 


values of a! to be inversely as the heat transmission rates 
sf . 
of the gas and liquid, which are about in the ratio 1 :: 10, as a 
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rule the condition for mechanical equilibrium commencing 

in the two together will not also give thermal equilibrium. 
In the case of dry air at the surface of the earth convective 

equilibrium exists when — = is 1°C. in 100 metres, in sea 


ibe at temperatures between 0°C. and 30°C., when 3 is 


5 ae in 100 metres. On the other hand, the rate of heat 


transmission in sea water is about 30 times that of air. Hence 
“convective”? and thermal equilibrium could not occur 
together in air and sea water. 


13. Although the probability of two contiguous layers of 
fluid attaining the “ convective ” or neutral equilibrium state 
together is small, they may subsequently be in stable 
mechanical and thermal equilibrium with each other. If 
k, is the thermal transmission in the first fluid, the condition 
for stable mechanical equilibrium in that fluid may be written 

dO g 0 
ma ge A 
a a C, Uy 
tion is —k, Ws <K5 g 9s eS) . The conditions for thermal 
* dr "Cy V2 \QO2/p 
es. a0, dd, 
equilibrium are 6,=0,, —k, ape ag 2 at the interface. 
Both mechanical and thermal conditions are satisfied if 


at the interface the equal quantities —k, 2 and —k, as 
r 


(=) . Similarly, in the second the condi- 
1/p 


Eo. a i 
Cp V\ob'. 
for the two fluids respectively. For air this has a value 
considerably less than for water. Hence the condition for 

stability in the air is last to be satisfied. 


are less than the smaller of the two quantities 


14. Although convection currents in the sphere while in 
the unstable state will, in general, ensure the complete mixture 
of miscible fluids, there may be cases in which two miscible 
fluids are not completely mixed before the equilibrium 
becomes stable. In order to examine this point we assume 
that the fluid is not homogeneous but consists of a mixture in’ 
varying proportions of a number of fluids which mutually 
dissolve each other. We see from §5 that stable equilibrium 
will only be possible if the specific volume of the mixture is 
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Ceara throughout each thin concentric shell and i Increases 
from shell to shell as we proceed outwards. 
~ The equilibrium here referred to is a molar equilibrium, 
and its existence does not preclude diffusion of the various 
‘fluids into each other, which is a molecular, not a molar, 
motion. The diffusion is superposed on the phenomena we 
are discussing. 

The condition for stable equilibrium is still given by the 


Soh ah i 
v 
Ip gee 


in which = is the complete rate of increase of the specific 


dr 
‘volume of the mixture with radius and fy is the adiabatic 
compressibility of the mixture at radius 7, but the correspond- 
ing conditions involving the en ORy and temperature :are 
slightly modified. 


15. In the case of the entropy condition we write the com- 
pressibility equation in the form 
dv Oy % 
fe zi Coa x 
where the subscript M indicates that the mass of each 


constituent in I gram of the mixture is constant, and by 
means of the relation 


Ov 0 
(2) =e /(2), 


ee toe: <2 or 


-convert it inte 


Now ; 
do (0p) -du, (0g) dp o\ aM, : 
+) 42a (15° 
dr UF) sa dr. yar a OM y/ op ar’ ae) 
where M,, is the mass of the nth Rice ica and 24,1; 
On substituting in this equation the condition for stability, 


and hs 4. we get as the entropy condition for stability 
2 ( 09. aN By 
“ne 2> Zar) 15 iceland aa (15°3) 
‘ ‘That j is the tate of j increase of the entropy with radius due to 
nal causes must exceed that which would be due to change of 
VOL. XX XIII. K 
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composition of the fluid mixture if the pressure and specific 
volume remained constant. | 


16. To find for the mixture the modification of the condition 
of stability expressed in terms of the temperature slope out- 
wards, we again write the general compressibility condition 


in the form 
du g (Ww 
dro! (in) a 
Taking p, 6 and the mass M,, of each of the n constituents 


of the mixture where 2M,=1, as the variables defining the 
mixture at 7 we get 
Ov dp , /ow d6 ov \ dM, g (Ov 
ea) patae Gal = apie ( TE astapet ay (ss gf 
ah. o¢ 
But fee 
‘ gam ean 


Hence the condition for stability becomes 


0 7) 0 
acer amare lene Gala 


that is using (9°2) 


( Ov ) dM, 

aoe? a OM) 9 
dr~ Cy =) 06 pM e 2 
sa) 


pM 
do \ dM 
0 =( ee 
or Saat ay dr 
00/ om 
zag ps) 2M) a 
“ 06 aM 


The last term is the quotient of the fractional increase of 
specific volume with radius which would be due to change of 
composition at constant pressure and temperature, by the: 
coefficient of cubical dilatation at constant pressure, and 
represents the rate of change of temperature with radius which 
at constant pressure would give the same change of specific 
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volume as the actual change of composition of the fluid with 
the radius would at constant pressure and temperature. 

The process of diffusion diminishes the value of this term, 
and therefore diminishes the stability of the fluid for a given 
temperature slope. If the diminution is sufficient, the 
stability may cease, and convection currents begin to facilitate 
the mixture of the constituents. 


17. Although the three forms of the condition for stability 
for a sphere of gravitating fluid dealt with in the foregoing 
pages are equivalent, it appears desirable to retain all three. 
The form nes g6y holds in all cases, the second—-that the rate 
of increase with the radius of the entropy per gram must 
exceed that due to change of composition only, and the third— 
that the temperature slope outwards or the flux of heat out- 
wards per square centimetre per second must be less than a 
certain minimum, are connecting links between the problem 
of mechanical stability here considered and that of thermal 
stability, which is of equal importance. 


oe Ueoeeumesad 4 eo 


vabgg Ace sieeigatts  ungisitits 


_ z hes = Soe j 
a i woah cargtei aaa e “9 
Mie ead es ih hgaaves Tet 8 ' ecune 
east pene *h a 


vee aa bead 


me Hint Kiedy aoe 


he Me 
a 


eSyini ee eet 


PUBLICATIONS OF THE PHYSICAL SOCIETY. | 
: THE SCIENTIFIC PAPERS 


OF THE LATE 
SIR CHARLES WHEATSTONE, F.R.S. 


Demy 8vo, cloth. Price 12s.; to Fellows, 6s. 
Uniform with the above. 
THE SCIENTIFIC. PAPERS OF 
JAMES PRESCOTT JOULE, DIC.L., F.R.S. 


Vol. I. 4 Plates and Portrait, price 18s8,;' to Fellows, 9s. 
Vol, II. 3 Plates, price 12s.; to Fellows, 6s, 
pueda ksi: AM ube divide tradi Ween 


PHYSICAL MEMOIRS. 
Parr I.—Von Hetmuotrz, On the Chemical Relations of Elec 
trical Currents. Pp. 110. Price 6s. ; to Fellows, 3s. 
Part Il.—Hirtorr, On the Conduétion of Electricity in Gases ; 
PuuvuJ, Radiant Electrode Matter,’ Pp. 222. Price 12s.; Fellows 6s. 


Part II.—Vaw Der Waats, On the Continuity of the Liquid and ~ 


Gaseous States of Matter. Pp. 164. Price 12s. ; to Fellows, 6s. 


REPORT ON RADIATION AND THE QUANTUM-THEORY. 
By J. H. JEANS, M.A., F.R.S. 

Price 98,; to Fellows, 48. 67. | Bound in Cloth, 128. 9d.; to Fellows, 88, 32. 
REPORT ON THE RELATIVITY THEORY OF GRAVITATION. 
By A. S. EDDINGTON, M.A., M.Se., F.R:S., 

Pisa Professor of Astronomy and Experimental Philosophy, Cambridge 
_ Third Edition.—Price 63.; to Fellows 3s. Bound in cloth, 8s, 64.; 

to Fellows 6s. 


THE TEACHING OF PHYSICS IN SCHOOLS. 
| Price to Non- Fellows, Is. 6d. net, post Free 1s. 8d. 


METROLOGY IN THE INDUSTRIES. 
Price to Non-Fellows, 1s. 6d. net, post free 1s. 8d. 


DISCUSSION ON LUBRICATION. 
A cca Pot ek haben Rind hs Din nt i aN 
PROCEEDINGS. 
The “ Proceedings ” of the Physical Society can be obtained at the 
following prices :— 
Vol. I. (3 parts) bound cloth, 22s. 6d. 
Vols. /II., IV., V., XXIIL, XXV., XXVL, XAVIL, XXVIII 
XIX, XXX. & XXXL (5 parts each, oloth, 34s. 6d. 
Vols. III., VI. to XII. & XXII. (4 parts each), bound cloth, 28s. 6d. 
Vol. XIII. (13 parts, each containing Abstracts), bound cloth 
(without Abstracts), 70s.’ 6d. 
Vols. XIV. & XV. (12 parts, each containing Abstracts), bound 
cloth (without. Abstracts), 34s. 6d. 
Vols. XVI. & XIX. (8 parts each), bound cloth, 52s, 6d. 
Vols. XVII., XVIII. & XXI. (7 parts each), bound cloth, 46s. 6d. 
Vols. XX. & XXIV..(6 parts), bound cloth, 40s. 6d. 
Most of the parts can be purchased separately, price 6s., by post 6s. 3d. 


Fellows can obtain the Erocena ings (in parts) for. their personal ‘use 


at half the above prices. 


ABSTRACTS OF PHYSICAL PAPERS FROM FOREIGN SOURCES. 
Vors. I. (1895), II. (1896), III. (1897), 22s. 6d. each; Fellows, 11s. 34. 


Strong cloth cases for binding the “ Proceedings,” price 38. 6d, each, post free. 


Ceeeee see ae ee eee a ee 
BEAK ESLEY: Ps bby gt A Table of Hyperbolic Sines and Cosines. 
Price 2s, 3d.; to Fellows, 1s. 


LEHFELDT. R. re A List of Chief Memoirs onthe Physics of Matter. 


Price 38.; to Fellows, Is. 6d 


easnanedor for the’ above Publications should be sent direct to 
-FLEETWAY PRESS, LTD.. 
3-9, Danz Steet, High Horporn Lonpon, W.C,1. 


CONTENTS. 
V. Some Slide Rule Improvements. By J. Sr, Vincent 
TPES OS belie ae nna pa can ee Wiese eiael eters vy 


2 ley , 
VI. The Current Density in the Crater of the Carbon Arc. 


By N. A AGLEN, B86. 5 icc G ok teense ehh eae uae 


‘VIL. A Sodium Vapour Electric Discharge Tube. By 
F. H. Newman, MSc., A.R.C.8c., University College, 
AUR SEON 5. Siac tepi asia y, dig Mii eee oka le np harwex OIA So 5 omy siallale to ahs 


VIII. Absorption of Gases in the Electric Discharge 
Tube. By F. H. Newman, M.Sc., A.R.C.Sc., University 
College, Hxeter 00 cept e eee yee yet cae eee shee 


70 


Si = 


TX. Magnetic Separation of Neon Lines and Runge’s 


Rule. By H. Nacaoxa, Professor of Physics, Imperial 
University of Tokyo “sets cet. es Laced Le eta s 


X. A Method of: Demonstrating the Retroactive Pro- 
perty of a Triode Oscillator. . By E. V. AppLeron, M.A., 
MSO9 Gant weenie oS RONG ten tee BMS 


- XI. The Quickness of Response of Current to Voltage in 
a Thermionic Tube. By D. Owxrn, B.A., D.Sc., and R. M. 
Arcuer, B.Sc., M.I.E.H., Birkbeck College, London...... 


On the Mechanical Equilibrium of a Sphere of Gravi- 
tating Fluid. By Caartes H. Legs, D.Sc., F.R.S> (Part 
of the Presidential Address to the Physical Society, Feb. 13, 
1920). (Continued from Vol: XXXII., p. 270.) ........ 


83 


100 


104 


